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ABSTRACT 


The energy distribution of the emission spectra of a number of calcium halophosphate 


phosphors has been determined on a recording spectroradiometer. These emission curves 
have been broken down into component bands, each of which has a Gaussian distribution 
of energy against wave number. An attempt is made to assign the emission bands to 


specific energy levels of the excited ions and to interpret their changes in terms of crystal 


structure and location of the activator atoms 


In a paper (1) by one of the present authors it has 
been shown that the emission spectra of silicate 
phosphors with manganese activation, when plotted 
on a frequency scale, can be expressed as the sum of 
several Gaussian distribution curves. Two independ- 
ent studies (2, 2a, 3) have confirmed the data on 
zinc beryllium silicate, not only in reference to the 
complexity of the manganese emission spectrum but 
also as to the location of the components. Previous 
workers (4, 5) have described the preparation of 
valcium halophosphates and outlined the character- 
istics of the emission spectrum in part, but have not 
analyzed the experimental results. 

The same technique used for the silicates has been 
applied to the analysis of the emission spectra of the 
halophosphate phosphors, and although the emission 
is simpler than that of the silicate phosphors, it is 
found to consist of four or more Gaussian components 
—two of which are associated with the antimony 
activator and at least two with the manganese ac- 
tivator. Changes in composition vary the amplitude 
of all bands. Both the location and shape of the an- 
timony bands are invariant with composition, while, 
in contrast, an increase in the chloride content shifts 
the position of the manganese bands toward lower 
frequency although their shape remains constant. 


EXPERIMENTAL PROCEDURE 


The phosphors were prepared by milling together 
the calcium phosphate and other raw materials in 
needed proportions for phosphor production. The 
blend was then fired in silica vessels for three hours at 
temperatures in the range 1000° to 1200°C and the 
phosphors of maximum brightness selected for fur- 
ther test. The ingredient proportions and the method 
of firing chosen were optimum for phosphors with a 
moderate amount of chloride. Somewhat modified 

‘Manuscript received April 4, 1950. This paper prepared 


for delivery before the Cleveland Meeting, April 19 to 22, 
1950. 


compositions and changed firing methods gave higher 
brightness powders with very low chloride or high 
chloride, but the color of the emission was not af- 
fected by such changes, as the intensities of all emis- 
sion bands were increased proportionately to overall 
brightness. It was decided, therefore, to use phos- 
phors prepared in the same way for further work. 
The selected phosphors were ground in butyl acetate 
to suitable fineness, nitrocellulose lacquer added, 
and the milled suspension adjusted to give the cor- 
rect coating thickness of the bulb. The coated bulbs 
were baked to remove the binder, electrodes sealed 
in, and the lamps exhausted on production equip- 
ment, with 20-watt lamps of the usual fluorescent 
type being made. The spectral energy distribution of 
the lamps was measured on a spectroradiometer, 
described in a recent paper (6), which plots automat- 
ically the relative emitted energy as a function of 
wavelength. The color parameters of the phosphor 
emission were computed for the I.C.1. color mixture 
diagram from the spectral energy distribution, using 
the selected ordinate method (7). The energy distri- 
bution curve was then replotted on a reciprocal 
wavelength scale and analyzed graphically for the 
amplitude, shape, and position of the component 
Gaussian emission bands. 
RESULTS 

Components of the Emission Bands of Halophosphates 

The present paper covers a systematic analysis of 
the spectral energy curves of 45 phosphors, with the 
range of composition including 8 different ratios of 
fluoride to chloride at 6 manganese contents. Fig. | 
shows the spectral energy distribution of a typical 
halophosphate and its component Gaussian bands. 
The agreement between the envelope of the com- 
ponents and the observed data is good throughout 
most of the spectrum. Fig. 2 shows a typical set of 
curves as recorded by the radiometer, with the man- 
ganese content being varied, at a constant fluoride to 








chloride ratio. Tables I to IV list the parameters 
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TABLE I. Effect of composition on major Sb band 
1/Ao = 20,500 + 500 em~'!, « = 2700 


, Cl 0 Mn 0.025 0.05 0.10 0.20 0.40 
0 30.0 23.0 18.5 12.5 5.0 1.5 
10 53.5 20.0 1.0 
20 12.5 29.5 25.0 15.0 6.8 1.5 
25 12.5 34.0 28.0 18.5 7.5 2.0 
30 35.0 30.0 30.0 16.5 7.0 2.0 
50 33.0 24.8 22.8 14.0 7.0 2.5 
75 23.5 19.0 15.5 9.3 1.0 2.0 
100 16.5 9.0 8.5 6.0 2.8 1.0 


tables is also plotted in Fig. 3, 4, and 5. The com- 
position values are given as atoms of the particular 
ion for each three atoms of phosphorus in the initial 


blend of raw materials, Our analyses of the phosphors 
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indicate that considerable amounts of some of the 
ingredients are volatilized during the firing with the 
evaporation rates being different for different com- 
positions and also dependent upon firing conditions. 
However, this will be the subject of a future paper 
when more complete information has been obtained, 

A study was made first of phosphors activated by 
antimony alone. This showed that two components 


TABLE II. Effect of composition on minor Sb band 
1/Ao = 25,225 em~! + 500, o = 1500 


% Cl 0 Mn 0.025 0.05 0.10 0.20 0.40 
0 13.0 14.0 15.5 10.5 4.0 1.0 
10 10.5 — 11.0 — 1.0 
20 5.0 5.0 4.0 3.0 2.5 1.5 
25 3.5 1.7 1.4 0.7 0.5 
30 3.0 +.0 +.0 L.@ 2.5 
50 2.0 1.9 1.9 3.0 2.7 2.0 
75 2.6 1.5 1.2 2.0 1.7 - 
100 1.0 2.0 1.5 1.5 1.8 1.0 


TABLE III. Effect of composition on major Mn band 


oa = 800 
Amplitude 
% Ci 1/do 
Mn:0 | 0.025 0.05 0.10 0.20 0.40 
0 17,550+ 5 15.0 | 20.0 | 30.5 | 39.0 | 33.8 
10) 17,525 + 225 21.5 34.8 
20 17,330 + 120 13.0 | 25.0 | 33.5 | 43.5 | 33.0 
25 17,2404 40 11.8 23.0 36.0 | 37.0 50.0 
30 17,110 + 110 12.3 | 30.0 | 36.5 | 49.0 | 49.0 
50 «17,010 + 110 11.0 | 22.0 | 33.0 | 45.0 | 40.0 
75 16,940 + 140 11.0 | 17.0 | 26.0 | 29.5 | 28.5 
100) 16,800 + 300 9.5 | 15.5 | 23.0 | 28.0 | 17.5 


TABLE IV. Effect of composition on minor Mn band 


ao = 650 
| | 
| Amplitude 
% Cl 1/o 
Mn:0 0.025 | 0.05 0.10 0.20 0.40 
0, 16,020+ 65 2.5 4.0) 5.5) 6.0 6.5 
10} 16,125 + 325 7.0 6.5 
20 15,480 + 190 5 | 2.5 7.0 5.0 1.5 


25! 15,600 + 75 
30 15,610 + 150 
50 15,590 + 90 
75 15,550 + 120 
100 15,300 + 240 


4.8/) 8.0) 10.5 | 11.0 
8.0 10.0, 11.0 10.0 
0 6.5 9.0 | 11.5 | 11.5 
0 | 4.5 7.3 8.5 | 8.0 
.5 | 2.0 1.0 3.0 1.0 


—_worewwe 


were present in the antimony emission and _ that 
these were constant in shape and position, regardless 
of the chloride content, with the main band falling 
at 20,500 em (4870 A) and the minor band at 25,225 
em (3960 A). However, the relative intensity 
changes with the ratio of fluoride to chloride. The 
major band goes through a maximum value as the 
chloride content increases, while the minor band 


AMPLITUDE 
iY) Ww 
°o o 
+ - 4 


fe) 
+ 


50} 


> 
So 


+ 


w 
So 
T 


AMPLITUDE 
tw 
is) 
T 


3S 
T 





Fr 
of Ga 
used 
A—m 
B—m 
C—n 
D—n 

WwW 

ra 

- 

FE 

g 


AMPL! TUDE 





Fi 
mang 
A—m. 
B—m 
C—m: 
D—m 


falls « 
Thus 


ee 


] 
4 








hat 
less 
ling 
225 
The 

the 
and 





UMI 











































































































Vol. 97, No. 9 
| | A é\ | | 8 
30m l2 + 
3 \ | (3 ] 3 
5 ‘ P= \ 
F 20 ss 3 8 
et \\ 5 | 
$ . | 
4 om | < | 
lo =e oe ) q 4 
-T= 2! eg 
3 Ss ae 
0.1 0.2 0.3 0.1 02 03 
ATOMS MN ATOMS MN 
50|— we wee si =f 20 
c | D 
40|—_,“ t 16 =e 
| 
/ 
30}—*# —— ,!2 
- uJ -4—- = = 
W / | a a 4 "TP 
4 “4 
8 / Va e A 
A J 2 8 7 
a y z s — = ¢ 
2 ‘ < A 
lO} 4h 
> a he 
™4 
0.1 0.2 03 0.1 02 0.3 
ATOMS MN ATOMS MN 


Fic. 3. Effect of manganese concentration on amplitude 
of Gaussian bands as affected by fluoride to chloride ratio 
used in the unfired mixture. 


A—major antimony band O O = 0%Cl 
B—minor antimony band x X-= 30% Cl 
C—major manganese band A A 100% Cl 


D—minor manganese band 
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Fic. 4. Amplitude of Gaussian bands vs. cube root of 


manganese concentration. 


A—major antimony band O O = 0%Cl 
B—minor antimony band x X-= 30% Cl 
C—major manganese band A A = 100% Cl 


D—minor manganese band 


falls off rather rapidly at first and then more slowly. 
Thus the overall effect of increasing chloride is to 
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shift the emission color from the blue toward the 
blue-green. 

The addition of manganese causes a rather sharp 
decrease in the amplitude of the major antimony 
band immediately, and a more gradual decrease 
in the minor band after the manganese concentration 
has built up to about 0.05 atom of manganese. Thus, 
the effect of manganese is to suppress gradually the 
antimony bands with the energy being transferred 
to the manganese bands in the yellow and orange 
regions of the spectrum. Fig. 3 shows on a linear 
scale the changing amplitude of the four components 
as affected by Mn content at three different chloride 
to fluoride ratios?, while Fig. 4 gives part of the same 
data with the abscissa being the cube root of the 
manganese content, which approximates the linear 
concentration of manganese atoms along a given 
axis. 
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Fig. 5. Effect of chloride to fluoride ratio in the unfired 
mixture on position of manganese bands of the final phos 
phor. A—major band, B—minor band. 

The invariance of position of the antimony bands 
simplifies the analysis of the spectrum, since they 
can be subtracted from the experimental curve leav- 
ing a residue for further analysis—this residue repre- 
senting the emission of manganese alone. 

It was found that the behavior of the manganese 
emission is considerably different from the emission 
in silicate phosphors. The emission is composed of a 
major and a minor band with the major band being 
approximately four times as intense as the minor. 
In addition to these two bands, certain of the spec- 
tral energy curves cannot be fitted by the use of 
two Gaussian curves but show a small residue in the 
deep red peaking beyond 6700 A. We believe this is 
an indication of a third component and, in this 
respect, the system resembles zine orthosilicate which 
showed one major and two minor components. 

2 The per cent chloride given refers to the raw material 
mixture. In the final phosphor the ratio of chloride to 
fluoride is somewhat lower for those cases where both 
halides are present, but this ratio is not affected appreciably 
by changing manganese contents. 








With constant chloride to fluoride ratio, the in 
tensity of both components increases to a maximum 
at about 0.20 atom of manganese and then drops 
off as the manganese content is further increased 
probably due to a quenching effect. The relative 
amplitude of the two manganese bands remains 
essentially constant over the whole range of composi- 
tion studied. With constant manganese content but 
with variable chloride content, the location of both 
peaks shifts gradually toward longer wavelengths 
as the halide changes from 100 per cent fluoride to 
LOO per cent chloride. This shift amounts to about 
250 A, with the major band going from 5700 A 
to 5950 A and the minor band from 6250 A to 6500 
A. Fig. 5 shows the gradual shift of the position 
resulting from changing chloride to fluoride ratio. 

















Fia. 6. Coordinates x, y, of fluorescent light from halo 


phosphates on LCI. color mixture diagram. 


I. C. 1, Diagram for Halophosphates 


The effect of variations in composition on the 
color of fluorescence of the halophosphates is shown 
in Fig. 6. This is a portion of the I.C.1. color mixture 
diagram and shows the points representing the colors 
of the various phosphors as they fluoresce in 20-watt 
lamps. These points were computed from the spectral 
energy distribution of the lamps, as measured by 
our spectroradiometer, using the Selected Ordinate 
method of integration. The points shown are for the 
color of the phosphor alone in order to eliminate the 
effect of brightness. In the normal fluorescent lamp 
the mercury are contributes approximately a con- 
stant amount of light, assuming a constant optical 
density of powder on the bulb and good control of 
processing procedures. This light has color parame- 
ters in the neighborhood of « = y = 0.218. The 
effect of this contribution to the overall color of the 
lamp is to move the point on the I.C.1. color mixture 
diagram from that of the phosphor alone along the 
straight line joining that point and the mercury are 
point with the amount of this shift being inversely 
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proportional to the brightness of the phosphor. lor 
example, with a phosphor of high intensity, the 
mercury are contribution is relatively small and the 
color shift is slight, but when the phosphor has very 
low intensity, the contribution of the mercury are 
to the total output is considerable and the color 
shift is large. 

For clarity, only the curves for the extremes of 
chloride content and that of a median value are 
drawn on the chart with all data on the effect of 
varying chloride being shown on the lines for 0.0 
and 0.4 atom of manganese. These curves show the 
wide variation in color which can be obtained with 
these phosphors. 

The interesting facts shown by this chart are: 

1. The curves for constant chloride content roughly 
parallel the locus of black body radiators and inter- 
sect each other at a point in the blue-green portion 
of the chart. 


Fig. 7. Crystal structure of apatite 


2. The lines of constant manganese are straight, 
with the exception of the zero manganese line, which 
shows a curvature toward the red with increasing 
chloride. The orientation of these lines shows a 
steady rotation through about 135° clockwise as the 
manganese in increased from zero to 0.40 atom. 

3. A small amount of chlorine has a large effect on 
color. Thus the substitution of 25 per cent of the 
fluoride by chloride shifts the color more than half 
way toward that of 100 per cent chloride phosphor. 


DISCUSSION 


The calcium halophosphate phosphors are a par- 
ticularly interesting addition to the growing number 
of double-activated phosphors, not only because both 
emission bands are in the visible spectrum, but also 
because of the complexity and unusual nature of the 
erystal structure. This crystal structure is well known 
since it is that of a common mineral, apatite, which 
has been thoroughly investigated by x-ray methods 
(8, 9, 10). Fig. 7 shows the projection of four unit 
cells on the 001 plane. It will be seen that the halide 





Vol. 


jon 1 
ions. 
each 
are . 
ep 
an e 
tion 
tract 
from 
The 
fluor 
2 of 


ions 


phos 
acids 
that 
the s 
form 
anti 
insol 
In 
two 
dicat 
com] 
sevei 
so tl 
woul: 
chlor 
of th 
suger 
ment 
and « 
ions 
posit 
excit: 
by tl 
Th 
is qui 
state 
and ' 
timotr 
sp? st 
state 
state 
near 
chlori 
Ty 
McKe 
chloris 
‘T 
positi 
a high 


to ant 
prima! 
charac 








lf 





UMI 


Vol. 97, No. 9 


jon is a key point in the structure, with two of these 
ions, arranged along the C axis, being present in 
each unit cell. The cell dimensions for fluo-apatite 
are Ay = 9.37 A, By = 9.37 A, and Cy = 688 A. 
Replacement of the fluoride by chloride results in 
an expansion along the A and B axis and a contrac- 
tion along the C axis. A similar expansion and con- 
traction of considerably smaller magnitude results 
from the substitution of manganese for calcium’. 
The position of halide ion depends on whether it is 
fluoride or chloride. The fluoride ions are placed } and 
3 of Cy above the base plane (001), while chloride 
ions are on the base plane and 3 Co above it. 

The calcium halophosphates are more readily 
adaptable to study by chemical methods than most 
phosphors since they are readily soluble in cold dilute 
acids. Our chemical investigations have established 
that manganese is present as a divalent ion and that 
the small amount of antimony present in acid soluble 
form is almost certainly trivalent. The remaining 
antimony is present as a separate phase which is 
insoluble in acids (11). 

In the calcium halophosphate structure there are 
one of which is in- 
dicated as Ca I in Fig. 7. This type of calcium ion is 


two types of calcium present 


completely surrounded by six oxygen atoms and is 
several atomic diameters distant from the halide ion, 
so that the strength of the calcium-oxygen bond 
would be very little affected by a substitution of 
chloride for fluoride. The invariant position of both 
of the components of the antimony emission band 
suggests that antimony enters the lattice as a replace- 
ment for Ca I with a group of two antimony ions 
and one additional oxygen ion replacing two calcium 
ions as indicated in Fig. 8. With antimony in this 
position the magnitude of the energy changes on 
excitation and emission should be very little affected 
by the composition of the phosphor*. 

The energy level diagram of trivalent antimony 
is quite simple with the base state being an even |S» 
state and the excited odd levels being *P$, *P%, 
and *P2 in order. We may speculate that the an- 
timony electrons are excited both to the ‘‘allowed”’ 
‘P? state and to either the *P2 or the *P9 “forbidden” 
state and that the probability of reaching a given 
state is influenced by surrounding ions, even if not 
near neighbors, so that replacement of fluoride by 
chloride or of ealeitum by manganese would change 


>This result is different from that found by Jenkins, 
McKeag, and Ranby, who report an expansion because of 
chloride and a contraction because of manganese. 

‘The probability of the transitions is affeeted by com 
position, especially by introduction of manganese, so that 
a high manganese phosphor shows only slight emission due 
to antimony. This change in transition probability for the 
primary activator, caused by the secondary activator, is 
characteristic of all double-activated phosphors, 
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these probabilities, thus affecting the relative ampli- 
tude of the two components in the emission spectrum. 
The influence of such replacements is not sufficient, 
however, to affect the actual magnitude of the energy 
transitions, and, therefore, the components have an 
invariant frequency. 

The second type of calcium ion present in the halo- 
phosphate structure is shown as Ca II in Fig. 7. 
These ions are directly bonded to the halide ions 
and their surroundings include both the halide and 
the oxygen ions. Due to the different position of 
fluoride and chloride in the lattice, the surroundings 
of these calctum atoms are considerably different in 
the two cases. It seems probable that manganese re- 


NORMAL 


WITH SB-O-SB REPLACEMENT 


©) 





Fic. 8. Arrangement of atoms along Ca I axis in apatite 
places Ca II and that the gradual shift of the band 
centers of the two components of the manganese 
emission can be explained by the changing propor- 
tions of manganese bonded to fluoride and manganese 
bonded to chloride. There is a difference in the num- 
ber of calcium or manganese ions surrounding the 
halide ion due to the different location of the two 
types of ion on the C axis. The different strength 
of these bonds would shift the potential energy 
curves appreciably and the radiative transition from 
odd to even states would have appreciably different 
energy values, depending on whether the manganese 
was bonded to fluoride or chloride. 

We may hypothesize that in calcium halophos- 
phate the excited electron of the manganese ion 
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always goes to the same odd level and that transi- 

tions from this to two different even levels account 

for the two components in the emission spectrum, 

while the tail in the spectrum at 6700 A may rep- 

resent excitation to a different odd level. 
CONCLUSIONS 

The behavior of the halophosphate phosphors con- 
forms generally to theories previously proposed and 
we may restate some of the hypotheses of these 
theories (1, 12) in slightly different form: 

1. Each component of the emission is due to a 
particular electronic transition. The position and 
shape of the band are determined by the energy 
levels of the activator ion, as affected by the influ- 
ence of interatomic spacing on the potential energy 
curves. 

2. The number of components and their position 
in the spectrum is considerably affected by the 
crystal lattice of the matrix and by the location of 
the activator ions in this matrix. 

3. Increase in activator concentration does not 
affect the location of the emission band in the spec- 
trum but does change the relative intensity due to 
changes in the probability that a particular energy 
transition will occur. 

Differences between the behavior of the halophos- 
phate phosphors and silicate phosphors, as inter- 
preted here in terms of crystal structure, lead to two 
additional hypotheses: 

4. The probability that a particular energy transi- 
tion will take place is influenced not only by ions 
which are near neighbors of the activator but also 
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by ions some distance away. The ions at a distance 
do not affect, however, the actual magnitude of the 
energy transition. 

5. Change of the near neighbors to which the 
activator ions are directly bonded will cause a change 
in the location of the emission band by affecting the 
magnitude of the energy transition. This change in 
surroundings may also affect the probability of tran- 
sitions. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1951 issue of the 
JOURNAL. 
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Studies on Galvanic Couples 


I. Measurement of Electromotive Force and Internal Resistance of Cells 
during Current Flow: 


H. D. Houurer 


National Bureau 


of Standards, 


Washington, D. C. 


ABSTRACT 


A method of measuring the effective electromotive foree and internal resistance of a 
galvanic cell during current flow is described. A dry cell was used for demonstration of 
the method. By introducing a reference electrode into a cell consisting of an iron elee- 


trode and a magnetite electrode in wet clay, it was possible to measure the potential and 


resistance between the reference electrode and either the iron or magnetite during cur 


rent flow. When the iron and magnetite were short-circuited, the potential and resist- 


ance between the reference electrode and the iron-magnetite couple were measured. By 


impressing current upon the galvanic couple from an auxiliary electrode, the potential 


current characteristic of the couple was determined. It was shown that an iron plate in 


wet clay exhibits such a characteristic similar to that of the galvanic couple. 


INTRODUCTION 


In the measurement of internal resistance of a 
galvanic cell delivering current it is often assumed 
that maintains its open- 
circuit value. The emf driving the current is not 


necessarily constant, because a counter emf of polar- 


the electromotive force 


ization is usually generated, as the result of current 
flow. According to Ohm’s law, the exact relation- 
ship is 


E, — AE, Ey 
= = (I) 
R+-pr R-+pr 
where Ez = driving emf. 
E, = open-circuit emf. 
AE, = counter emf of polarization. 
R = external resistance. 
r = internal resistance. 
2 = current. 


If Eg were measurable for known values of 7 and R, 
then r may be calculated from the above equation; 
or if r were known, Ea may be calculated. Also, 
since £,; may be measured directly on open-circuit, 
the emf of polarization AF, may be found from the 
difference E; — Ey. Both AF, and E,, and also the 
internal resistance, may vary considerably with the 
magnitude and direction of the current. These varia- 
tions of EK, and r with current are, of course, mani- 
festations of electrochemical processes occurring at 
the electrodes. We are dealing, therefore, with polari- 
zation phenomena and the problem is not only to 
measure the driving emf and internal resistance of a 
working cell, but also the potentials of the individual 

‘Manuscript received September 29, 1949. This paper 


prepared for delivery before the Chicago Meeting, October 
12 to 15, 1949. 


te 


electrodes, and to indicate the role of the resistive 
components of the measured potential differences. 

The measurement of electrode potentials without 
including the resistive components during current 
flow has long been a controversial problem (1). It is 
particularly important (a) when the reference elec- 
trode cannot be in intimate contact with the elec- 
trode under investigation, or (b) when the electrode 
is covered with a film of high resistance. 

Moreover, since any electrode may exhibit poten- 
tial differences on its surface, giving rise to currents 
flowing from anodic to cathodic areas, it is effee- 
tively a system of galvanic couples. Therefore, its 
behavior, in a cell through which current is flowing, 
should be in accordance with the electrical relations 
governing the polarization of galvanic couples. So 
writer is aware, the measurement of emf 
internal 


far as the 
and resistance of cells has not been ap- 
proached from this viewpoint: that electrodes usu- 
ally act like galvanic couples. Any departure from 
this role is one of degree only. 

A Wheatstone bridge having an adjustable counter 
emf for measuring emf without including the resis- 
tive component has been used (2). This idea, to- 
gether with modification of the bridge suggested in 
this paper, makes it possible to measure both the 
emf and internal resistance directly. 

In addition, the technique described herein facili- 
tates the use of a recording potentiometer for ob- 
the 

not 


taining emf-time curves, provided resistive 
component due to cell current 


simultaneously. 


does change 
DEVELOPMENT OF TECHNIQUE 

In developing this technique, it is necessary to 

consider the inherent properties of the Wheatstone 








bridge. For example, in Fig. 1 which represents the 
simplest bridge circuit, if the resistances have such 
values that 


(11) 


then closure of key AK in the branch containing the 
emf b will cause no deflection of galvanometer q. 
This is the condition of a balanced bridge. A resist- 
ance Rx may be used in parallel with K to limit the 
change in voltage applied to the bridge, when the 
key is closed, and thereby control sensitivity. 

Let us now replace r with a cell having an emf KE, 
and an internal resistance r, as in Fig. 2, where r has 
the same value as in Fig. 1. There is now a deflection 
of the galvanometer due to E#,. If the value of r 
changes, the bridge may be rebalanced with respect 
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Fic. 2. Elementary Wheatstone bridge with emf in one 


to the resistive component by varying X until closing 
or opening K causes no change in deflection. 

Let us now see how the value of Lz may be meas- 
ured. If an adjustable counter emf V, is put in series 
with the galvanometer, we have the relations shown 
in Fig. 3. Then according to Kirchoff’s laws: in 
circuit (2): 

Ei -—- V, = ir+iar, — UI — 0Q. (III) 

r, being the galvanometer resistance; in circuit (3) 

V, =  —1,)X — ir, — I —it+7,)D. (IV) 

Now, if r = X and Q = D, then when 7, is reduced 

to zero by adjusting V, until the galvanometer reads 
wero 


Es = 2V,. (V) 


This is true for any equal values of Q and D. Using 
the same circuits of Fig. 3, the relation between EF, 
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and V, may also be derived by the use of deter- 
minants. 

As Pearson has shown (2), the adjustable counter 
emf may be used in the same arm of the bridge con- 
taining the emf to be measured, and the latter be 
read directly as V,. However, the circuit described 
here more readily permits the galvanometer and 
adjustable counter emf to be replaced by a recording 
potentiometer for obtaining emf-time curves for the 
cell through which current is flowing. If r should vary 
with current, the bridge may be rebalanced by ad- 
justment of X, giving r directly. This may be done 
as described above, or with alternating current. 


APPLICATION OF TECHNIQUE 


Dry Cells 


The main objective in this work was the study of 
cathodic protection, but the adaptability of the cir- 
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Fic. 3. Wheatstone Bridge with emf in one arm and an 
adjustable counter emf in series with galvanometer. 


cuit in Fig. 3 to the measurement of emf and internal 
resistance was demonstrated by applying it to dry 
cells. Two aged cells of miniature size, having a high 
internal resistance, were used for the tests. The po- 
tential difference V across the cell during current 
flow was measured with a high-resistance poten- 
tiometer. Then 


V = Ey2tir (VI) 
in which all quantities depend on the magnitude and 
direction of 7. 

In order to compare the values of r, measured with 
alternating or direct current, 60-cycle current was 


also used for balancing the bridge, in which an a- 
ralvanometer served as null detector. The results of 
measurements are given in Tables I and II, and in 
Fig. 4. The resistances of Q and D were each 100,000 
ohms. The galvanometer had a period of 1.4 seconds 
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TABLE I. Internal resistance and driving emf of an aged 
dry cell for different currents 


current Resistance , . P 
po Hy aa Ea (volts V volts Ea — ir) volts 
Discharge 
1.00 170 1.220 0.740 0.750 
0.83 170 1.220 0.838 0.830 
0.60 420 1.226 0.991 0.974 
0.25 250 1.244 1.112 1.084 
Charge 
(Ea + ir) 
0.33 163 1.264 1.353 1.340 
0.69 123 1.346 1.429 1.451 
0.98 | 105 1.396 1.500 1.499 


TABLE IL. Comparison of results of measurement of internal 
resistance of an aged dry cell, using direct and alternating 
current for balancing bridge 


Internal Resistance r(ohms 
Current i(ma) 


d c a-¢ 
Discharge 
1.10 Time effect* 350 350 
1.10 Time effect 312 313 
1.10 Time effect 300 306 
0.90 299 300 
0.60 280 282 
0.35 203 197 
Charge 
0.15 140 132 
0.30 119 117 
0.50 120 116 
0.73 116 116 


*“Time effect’? indicates drift in readings during 
measurement. 








Milliamperes 


Fig. 4. Measured values of internal resistance and emf of 
dry cell during flow of current. 


and a sensitivity of 0.0070 microamperes per divi- 
sion. A short period is necessary in order that any 
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deflection, due to an unbalanced bridge, will occur 
quickly and before any slower deflection caused by 
cell polarization. 

The agreement between the values of the potential 
difference V across the cell obtained by direct meas- 
urement, and the algebraic sum, Hy + 77, is very 
satisfactory at the higher currents, showing that the 
measured value of r truly represents the effective 
internal resistance. At the lower currents, agreement 
was not so good because of lower sensitivity. Even 
though r changes with time, as well as with current, 
the results with direct and alternating current are 
in satisfactory agreement. No doubt, the values of 
the bridge resistances could be so chosen that lower 
or higher values of internal resistance may be accu- 
rately measured. 

The internal resistance of these two dry cells is 
directional, as indicated by the values lower on 
charge than on discharge. This might be explained 
on the basis of dry-cell theory and experimentally by 
the use of a half-cell for investigating the zine elec- 
trode and the carbon-manganese dioxide electrode 
separately. This was not done, since other electrodes 
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Fic. 5. Diagram showing introduction of half-cell S into 
cell under investigation. 


were of primary interest, and we leave the subject of 
dry cells here. 


Measurement of Electrode Potentials 


Let us now consider modification of the circuit in 
Fig. 3 for measurement of a single electrode poten- 
tial paired with a reference half-cell. For example, 
in Fig. 5 the cell consists of two electrodes, carbon C 
and a corrodible metal M such as iron, in an elec- 
trolyte, and between them is a reference half-cell S. 
Let r be that part of the internal resistance between S 
and the iron electrode, the latter being under investi- 
gation. Let this assembly in Fig. 5 be substituted 
for Ha and r in Fig. 3, and let EZ, = the potential 
of the carbon electrode. 

Then if the bridge is balanced by varying X until 
the closing or opening of key K causes no change in 
galvanometer deflection, and V, is adjusted until 
the galvanometer reads zero, it follows that 


r=X (VII) 


and 


(VIII) 








where Ey = the potential of the metal electrode, 
and #, = the potential of the reference half-cell. 

The reference half-cell used here was the carbon- 
manganese dioxide electrode of a dry cell. This elec- 
trode was made up by substituting, for the zine can, 
a Lucite tube having a porous diaphragm which 
permitted electrolytic contact with the cell under 
investigation. It was designed for ruggedness in field 
work, and was used here because of convenience. 

The values of the fixed equal arms of the bridge 
may be increased if necessary to reduce the current 
through the half-cell, and therefore its polarization, 
or they may be decreased to improve the sensitivity 
of the bridge. 

In the measurement of electrode potentials in vari- 
ous electrolytes, it is soon realized that a metal does 


- lea — ) 





} e, | | 
(2) AS) 
tes Iq | 
ye 
—1 €, 1. E., | wir : (\) Gr —vow — 
: ‘6 | | 
| al, ‘ ite | 
(3) } @o | J | 
we Lay SS eee eee 
| : P > a | 
| - 9g 
Li (w) [SS 
a F 3 
___ RECORDER : 
18) 


WAAAY 
Fic. 6. Diagram showing technique of measurement of 
emf and resistance for different values of #; and TJ; also 
possible resistances in couple and introduction of potenti 
ometer recorder. 


not usually exhibit its own potential, but behaves 
like a galvanic couple; that is, its observed potential 
lies somewhere between the potentials of the anodic 
and the cathodic areas on the surface. 

If in Fig. 6 we let e, and e, be the polarized poten- 
tials of the anodic and cathodic areas, respectively, 
and r, and ?, be the corresponding resistances of the 
current paths between the half-cell and the same 
areas, ignoring r, for the moment, then the potential 
of the metal electrode, with reference to the half-cell 
S, may be represented by equation 


Ea = €a — tee (IX) 
= € + id. (X) 


Since EH, = 2V,, a potentiometer recorder may be 
introduced in Fig. 6 and calibrated to record Eg 
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directly. A resistance Rx may be used in series with 
K to vary sensitivity as in Fig. 6, or in parallel with 
K (Fig. 3). 
Resistance of a Galvanic Couple 

In the Wheatstone bridge circuit, the metal elee- 
trode, behaving like a galvanic couple, will exhibit 
a certain resistance R, toward the bridge (external) 
current J. If E is the potential difference applied to 


the couple which is equal to E, — E, — I(ri + r,), 
then from Ohm’s law 
E-E , 
] c= Re. (XT) 


To evaluate Re, consider the circuit in Fig. 6 
where 


——- =f, (XID) 


and 
(XID 


Neglecting the small current through Q and D, 
I,+ 1, = I. Adding we have 


r(E 7 €a) + ra E = €-) I. (XIV) 
Tale 

But 

to(fa + Pe) (XV) 


which is independent of J. 

At this point, it must be emphatically realized that 
the local current 7, is determined entirely by e, — e, 
for given resistances in the network. Any effect which 
the external current J] may have on 7, is the result 
e.. Electrically, I 
and 7, are independent of each other. 

Substituting the value of e. from the preceding 
equation, in equation (XIV), and simplifying, gives 


a & 


of electrochemical action on e, 


(re + re(E + toa — a) 


= f. (XVI) 
la re 
Then introducing the value of Eg = @, — te 
from equation (IX) we have 
E — Eg Tele = 
= -. (XVII) 
I Ta + Te 


Therefore, from equations (XI) and (XVII) 


ia. (XVIII) 
Te Ts 
This equation may also be derived from the same 
circuits by the method of determinants, for any 
value of J, regardless of the magnitude or direction 
af F of 4. 
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If, therefore, the bridge be balanced and the gal- 
yvanometer reading be brought to zero by adjustment 
of V, then 

Eq — E, = 2V, (XIX) 


and 


X=re+ Re (XX) 
where 7’, is a series resistance depending on the loca- 
tion of the half-cell and the configuration of the 
electrode under investigation. 
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Fic. 7. Diagrams showing relation of position of half-cell 
S to couple and effect of J and series resistance r, on ob 
served values of Ey. 


Relation of Position of Half-Cell to Observed Potential 
of Couple 


These relations may be more easily visualized if 
we consider currents J and 7, superimposed on each 
other, their directions being determined by the emfs 
‘ausing them; the resistance of the couple behaving 
like the resistances of the two paths in parallel. 

When J = O, the observed value of HE, — BE, 
depends on the position of S, as shown in Fig. 7(a), 
where the equipotential levels S’, S’, and S’” are 
indicated. Any change in the position of S along one 
of these levels should not affect its potential reading. 
If the potential levels be unknown, then tests at 
various distances, say at S’’ on a line perpendicular 
to the surface of the electrode, may be made in order 
to find an area in which further changes in position 
of the reference electrode make negligible differences 
in the readings. This may be considered a “remote”’ 
position. 
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If an external current J is impressed from a distant 
source, we have the situation in Fig. 7(b), where 
the potential levels have been distorted by introduc- 
tion of the resistive component /r,. The total resis- 
tive component of the potential difference between S 
and G is Ir, + I,-r. along the cathodic path, or 
Ir, + Iara along the anodic path, where r, is common 
to both paths. The potential of the couple, referred 
to S, including all resistive components is then 

Eg + I(r, + Re). (X XI) 

This is the value which would be obtained if the 
potential difference were measured with a poten- 
tiometer. 
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Fic. 8. Data showing characteristic EL, 
for different settings of bridge. 


I of iron cathode 


Now, if J is increased until the potentials of the 
cathode and anode become equal, then J, becomes 
zero. On further increase of J, J, becomes positive, 
flowing to the electrode, formerly the anode. Then 
r, may be defined as that resistance, through which 
all of J flows, extending from S to a point where the 
current divides between the anodic and cathodic 
paths. The resistance from this point on to @ via 
anode path is r., and via cathode path r,, the total 
resistive component between S and G as measured 
by a Wheatstone bridge being 


I(r. + Re). (XXIT) 


Using the technique of first balancing the bridge 
and then adjusting the counter emf V, until the 
galvanometer reads zero (Fig. 6), we actually sub- 
tract the resistive component, represented by (XXII), 
from (XXI) and obtain Eg. 
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Technique Applied to an Iron Electrode 

The resistances, r, and r,, are in series in the closed 
galvanic couple circuit (1), Fig. 6, but they are in 
parallel with reference to J which is also the bridge 
current. They may vary as a result of the passage of 
current in such a way that R, may be changed. 
However, it is also possible for the enlargement. of 
the current path to the cathode to occur, at the ex- 
pense of the anode path, without changing R,, un- 
less the resistance of the anode path depends on direc- 
tion of current. 

By applying the above technique to an iron-plate 
electrode, 2 in. x 6 in. (5.1 x 15.2 em), immersed in 
wet clay in a small container using a carbon-man- 
ganese dioxide electrode for reference, the graphs in 


Fig. 8 were obtained, where X = 28.7 ohms. 
A discontinuity in the graph for XY = 28.7 ohms 
occurred at potential E, — EF, of about 1.178 volts, 


which was not far from the open-circuit potential of 
iron for the conditions given. A current of about 275 
microamperes was required to make the iron plate 
behave as if it were cathodic, although the current 
density on its back surface must have been low. In a 
larger container, the current density would be more 
uniform and the possibility of any anodic areas on 
the back surface would be less. Then, the potential, 
at which the discontinuity occurs, should be nearer 
to the open-circuit potential of iron. 

Changing the bridge setting from 28.7 to 20 or 40 
ohms is similar to changing the calibration of a meter, 
and resulted in different slopes, but the discontinui- 
ties all occurred at nearly the same current of 275 
microamperes. Accurate balancing of the bridge, 
therefore, is not necessary to obtain a potential- 
current characteristic of the electrode. The similarity 
between this characteristic for the iron-plate elec- 
trode in Fig. 8, and that for the dry cell, suggests that 
the polarization characteristics of both are similar. 
The discontinuities in the values of 2, and V (Fig. 4) 
may be related to the polarization characteristic of 
one or both of the dry cell electrodes. On charge, the 
graph £y may manifest a change in potential of the 
zine cathode, similar to that for the iron in Fig. 8. 


Apparent Film or Phase Boundary Resistance 

In defining 7, and r, as the resistance of the anodic 
and cathodic paths, respectively, it was tacitly as- 
sumed that the current distribution of J over the 
anode and cathode area was the same as that of 7,. 
This is not strictly true. Perhaps the best we can do 
in describing r, and r, is as represented in Fig. 6, 
where the two resistances are joined to a series re- 
sistance r,. The order of magnitude of r, and r, 
may be determined for couples of specific electrodes, 
which may be measured separately or together. 

For example, in the case of a couple consisting of a 
rod of iron and a similar rod covered with magnetite, 
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both in wet clay, the following bridge measurements 
were made: 
X,=r,+ 1% = 220 


Xe=r7r,+f = 314 


X; =r, + Ro = 204 
Then, since 
Sw 
Yo T To 
by using the quadratic formulae, the following values 
were obtained: r, = 16, ra = 6, and r, = 2144. 


Thus it is apparent that r,, or the apparent bound- 
ary resistance of the cathode, is 34 times greater 
than that of the anode. This is important in deter- 
mining the partition of the current J between the 
anodic and cathodie areas. Thus 


E — @a ; E — e 


I, = and [, = (XXIII) 


Then 


I. * tAB — @) a 
which shows that the partition of current J is deter- 
mined by the opposing emf, as well as by the resist- 
ance of each path. 

CONCLUSIONS 

The driving emf of a cell and its internal resistance 
may be determined simultaneously by a_ bridge- 
potentiometer technique. Both of these vary with 
the magnitude and direction of current through the 
cell. Applying the theory of polarization of galvanic 
couples, the reasons for some of these variations are 
explainable. To a potentiometer alone, an emf and a 
resistive component of a potential difference look 
alike. Using a potentioneter and a bridge as de- 
scribed herein, it is possible to differentiate between 
these components to an extent, depending upon the 
galvanic couples involved. By the introduction of a 
half-cell, both the emf and resistive component of 
polarization of the individual electrodes may be 
determined, remembering that each electrode itself 
may behave like a short-circuited galvanic couple. 
The circuit developed herein may be used for re- 
cording the emf of a cell carrying current without 
inclusion of the resistive component. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1951 issue of the 
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Studies on Galvanic Couples 
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Some Potential-Current Relations in Galvanic Corrosion’ 


HoLLerR 


National Bureau of Standards, Washington, D. C. 


ABSTRACT 


A graphic method of expressing the electrical characteristics of 


a galvanic couple 


was developed by the application of Kirchoff’s laws to a couple consisting of separate 


electrodes, each with an ammeter in series. When an external emf was impressed between 


the couple and a third electrode, also with an ammeter in series, a definite current pat 


tern was established, depending on the relative directions and magnitudes of the im 
pressed emf and the potential of the couple. These relations were demonstrated with the 


iron-magnetite couple. Under the conditions used, a discontinuity in the potential-cur- 
rent relation was observed, when the couple was cathodically polarized over a sufficient 


range of current. This discontinuity or ‘ 


‘break’’ coineided with reduction of current, 


circulating within the couple, to zero. The rise in potential at this point is the logical 
result to be expected from the hydrogen overvoltage. 


INTRODUCTION 


In the measurement of the so-called “static” elec- 
trode potential of a metal in a given electrolyte, 
without measurable current flowing to or from the 
electrode, it is usually assumed that the measured 
value represents the potential of the metal itself. 
This can be true only when there is no local galvanic- 
cell activity on its surface. For example, if we put 
iron, the metal which concerns us most in this dis- 
cussion, in air-free water, the following reaction 
occurs: 


Fe(s) + 2H.O(1) @ Fe(OH).(s) + He(g) (1) 


which proceeds until a pH of about 9.5 is reached. 
This is determined by the solubility-product and sta- 
bility of ferrous hydroxide. 

We then have the galvanic cell 


Fe/(Fet*|/ /(H*|/H (II) 
where the anodic reaction is, 
Fe(s) — Fet* + 2e (IIT) 
and the cathodic process is 
2H* + 2e — 2H — H.,(g). (IV) 


If we now introduce a third electrode such as the 
normal calomel, for reference, into the electrolyte 
and measure the difference in potential between it 
and the piece of iron, we obtain a reading which does 
not represent iron alone, but lies somewhere between 
the potentials of the iron anode and the hydrogen 
cathode. Thus in Fig. 1, the measured difference in 
potential is Eg — E, where Eg is the potential of 
the Fe/H couple, and £, is that of the reference elec- 

‘Manuscript received September 29, 1949. This paper 


prepared for delivery before the Chicago Meeting, October 
12 to 15, 1949. 


trode, 7, being the cell current. Here, Ey. = poten- 
tial of iron, and Ey, = 
t% = 6. 

The potential level Eg is determined by the emf 
components of polarization, AFy, and AEy, and by 
the resistive components 7,r, and i,r,, where r, and r, 


potential of hydrogen, when 


are the resistances of the current paths between the 
reference electrode and the anode and cathode, re- 
spectively. All of these components are functions 
of 7,. If 7, = 0, then and then only, Hg = Ey, the 
true potential of iron. 

Since Ey and, to a lesser extent, Ly, depend upon 
the hydrogen ion activity of the electrolyte, the emf 
of the Fe/H couple is related to pH (Fig. 2) (1). 
The electrode potentials of hydrogen and iron become 
nearly equal at a pH value of about 9.5 and, conse- 
quently, the emf of the cell (Il) approaches zero. 
Over a range of several pH units near the neutral 
point, e.g., from pH 5 to pH 10, Ey. varies only a 
few millivolts, while #y changes 58 mv per pH unit. 
At a pH 5, the emf of the Fe/H couple is about 
0.20 volt. 

While the approach of EF, toward the higher level 
of Ey. caused by increasing values of AEy will be 
accompanied by a reduction in 7, (cathodic control) 
and, therefore, in corrosion rate, it is possible under 
certain conditions that the polarization component 
AEy. may become very large with the result that 
E, approaches the lower level of Ey, also accom- 
panied by a reduction in 7, (anodic control), and con- 
sequently, a decrease in rate of corrosion by galvanic- 
cell action. It is apparent therefore, that the value 
of FE, alone should not be taken as a guide to indicate 
corrosion rate, and that an increase or decrease in 
E, should not necessarily indicate an increase or 
but 
must be related to other simultaneous observations 


decrease in corrosion rate; its interpretation 
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such as those obtained when the galvanic cell is 
subjected to applied external current. 


BeHAVIOR OF A GALVANIC CoUPLE TOWARD 
EXTERNAL CURRENT 
The behavior of a galvanic cell toward an exter- 
nally applied potential depends primarily upon the 
relative values, directions, and changes in emfs in- 
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Fig. 1. Diagram showing electromotive force, Eg — Es, 


between Eg, potential of iron-hydrogen couple, and £,, 
potential of reference calomel electrode. 
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Fic. 2. Relation of potential, Hy,, of iron in air-free 
electrolyte, (according to data summarized by Gatty and 
Spooner) to potential, Ly, of hydrogen at different pH 
values. 


volved. If, for example, in Fig. 3, we impress a 
potential #, between an iron-magnetite couple and 
an external electrode of carbon C, we obtain one 
of the Kirchoff patterns indicated. At this point, it 
should be pointed out that, since the activity of the 
couple results in liberation of hydrogen on the mag- 
netite cathode, we are really dealing with the Fe/H 
cell represented in Fig. 1. 

The potential £, of carbon is below E, and calomel 
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in Fig. 1. Therefore, when an applied potential js 
gradually increased, beginning at zero, external cur- 
rent J will not flow to the couple until 


E,> E,— E, 


and then it will flow first to the cathode because its 
potential is exceeded first. As £, is increased, current 
will continue flowing to the cathode, until its poten- 
tial becomes equal to Ey,. Then, and then only, will 
current flow to the iron. This phenomenon depends 
entirely on polarization of the cathode, the term 
polarization being used in its broader sense to in- 
clude both counter emf and the resistive component, 
caused by current flowing through resistance. When 
the applied potential £, just balances the potential 
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Fic. 3. Diagram showing technique for determining rela 
tion between applied potential, #2, , and currents through 
Fe/Fe;0, couple and external electrode, carbon. 


of the galvanic couple Eg, there is no external cur- 
rent. Then 


Lge) 
II 
my 
| 


?, (pattern d). 


When there is no applied potential, current flows 
from the iron anode into the external circuit. Then 


E, = 0 


—I = —I, + I, (pattern c). 


’ 


When E, > E, — E,, external current flows to 
the cathode (pattern e). Now, if the polarization of 
the cathode AF, is increased, its potential moves 
toward that of iron. When 


Ey + AEq + Ir. = Eye (Fig. 1) 
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is then then 
r- al 
E, = Ey. — E; I, = 0 
I,=0 I = I, (pattern b). 
. er increasi ry KB } » ot ive irecti 
7 I = I, (pattern f). On further increasing EF, in the negative direction 
until 
nt 
n- —E, > Ey — E. 
ill 
ds —I[ = —I, — I, (pattern a). 
™ If J, Ja, and J, are plotted for different values of 
n- E,, the relations shown in Fig. 4 are obtained. These 
ut, graphs are not necessarily straight lines, but at the 
= - potential levels where 
ial 2 
5 . . . 
f E,= E,. — E.- 
a E, = be — EE. 
S E _ Ey — E,; 
& the current relations are rigidly fixed by Kirchoff’s 
law. The galvanic-cell current 7, is indicated for the 
condition when EL, = E, — E,, that is, when J = 0. 
I, is reduced to zero, when FE, = Ey, — E,. The 
value of J at this potential level is /,, the “protective 
current,” where the iron becomes wholly cathodic 
and is completely protected from corrosion. 7, may 
NEGATIVE ° POSITIVE yi 7 7 " -~ Ay 
CURRENT also be reduced to zero when FE, = Ey — E,. The 
Fic. 4. Diagram showing hypothetical relations between value of J at this level is 7,, but is not wholly protec- 
applied potential, Z,, and I, Ia, and I.. tive since the couple is now all anodic, and may cor- 
30 T T T T T T | 
25 +I | 
ela 
ugh 20F 
IRON | MAGNETITE 
£ 
4 is- Fic. 5. Experimentally determined relations between 
eur- > ol siniibieatis 
ce Ipla applied potential Z, and currents J, J,, and I,. 
w Ip+lq 
Lo 36 X45 
36+45 
ioe 20 X10"? AMPS 
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i?) 4 rl 
lows 1000 = 750 500 250 ° 250 500 ~—s-_ 750 1000 
et 10°* AMPERES 
hen 
On further increasing E, above E,,., current flows rode in accordance with Faraday’s law, or become 
to both electrodes. Then passive. 
By simple trigonometry 
7 al . 
E, > Eye _ E, 
‘s to ° I a 
I = I, + I, (pattern q). i= —— (1) 
mn ol " I ‘ Lt+I, 
\OVES Likewise, if the anode can be polarized by increas- se , 
ie IP. th tive directi E til » . When it is possible to estimate 7, and J,, 7, may 
ing EF, in the negative direction unti . 
os & be calculated, even though not directly measurable. 
—E,= Eg — E: In Fig. 5, actual readings on an iron-magnetite 
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couple are shown. The computed maximum value of 
t, agrees very closely with the measured value, when 
I = 0. It is apparent that the graphs are not single 
straight lines, but generally intersecting straight 
lines. For example, at the current /,, where iron 
becomes cathodic, there is evidence of a discon- 
tinuity. If we knew the slope of /,, we could estimate 
the value of 7,. For example, in Fig. 5, the ratio 
a = 1,/I, is approximately 0.6. An experimental 
determination of /,, therefore, would show how much 
current is necessary to protect the anode from cor- 
rosion, and also, when multiplied by @ would indi- 
cate the rate of corrosion without cathodic protec- 
stion. The study of a number of such couples 
would tell us whether this ratio is characteristic of 
the couple. If it is, then the rate of corrosion is 
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at the value of J, required to reduce J, to zero. A 
similar pair of intersecting straight lines was ob- 
tained for an iron plate, which behaved like the 
galvanic couples under the same conditions. Inspee- 
tion of the plate afterward indicated that the lower 
end was more seriously corroded than the upper area, 
presumably due to differential aeration. 

If we consider the whole cell as represented jn 
Fig. 3, then 


M, => Eegtl(R+1r) — Ez, (3) 


where R = external resistance, r = internal resist- 
ance, and FE, = the potential of the carbon electrode. 
If the ratio #,/7 is a straight line relation, and 
(R + r) is constant, any change in / will be reflected 
in the composite value, E;. 

In Fig. 7, the change in E,(AE,) produced by the 
polarizing current is also given for the iron plate in 


Fic. 6. Experimental relations between applied volt- 
age EF, and external current, J, for Fe/Cu and Fe/Fe,0, 
couples and for iron plate. 
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where W = metal lost by corrosion, ¢ = time, and 
k = the electrochemical equivalent of the metal. 


While it is clear that corrosion is stopped by the 
application of current /,, experimental evidence of 
this fact is required. If Ey. be known, then /, is 
simply that current necessary to polarize the cathode 
until its potential e, + /,-r. becomes equal to Ey.. 
The requirement of this procedure is two-fold: first, 
a determination of Fy, in the particular environment 
by a suitable technique, and second, a method of 
determining when the potential corresponding to 
eo + Ir, is attained. 


ESTIMATION OF PROTECTIVE CURRENT 
We have in Fig. 6, the relation between E, and J 
for Fe/Cu and Fe/Fe,O, couples in wet clay, which is 
representative of air-deficient conditions, where lib- 
eration of hydrogen may be expected. The inter- 
ection of the two straight lines in each case occurred 


1500 


wet clay. In this case, the reference electrode was a 
carbon-manganese dioxide electrode. The second de- 
rivative, obtained by plotting increments of AF, for 
ach increment of 250 microamperes, emphasizes the 
“break” which coincides with the intersection of the 
graphs, representing the relation between £, and J. 

Under extremely aerated conditions, no “break” 
was obtained. It would appear, therefore, that in- 
cipient liberation of hydrogen is necessary to account 
for the accelerated rate of increase of E,, when the 
iron becomes cathodic, and is favored by practically 
air-free conditions Let us see why such an increase 
in the counter emf of polarization might be expected 
at this point. 

When the galvanic couple becomes completely 
polarized cathodically, it behaves like a hydrogen 
electrode. Unlike metals, the potential of hydrogen 
depends not only upon the hydrogen ion concentra- 


tion [H+], but also upon the pressure P of atomic 
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hydrogen at the surface of the metal. In accordance 
with Nernst’s law, any increment in potential is given 
by the equation 


0.058 AP 
logio 


AE ,; = ( 1) 
; n (H*] 
If [H*] is practically constant, then AK¢ is a loga- 
rithmic function of AP. By: Faraday’s law, the rate 
of production of atomic hydrogen, and, therefore, 


also the rate of increase of P, is a linear function of 


current, at least initially. Consequently, AK, is a 
logarithmic function of current, which is a character- 
istie of hydrogen overvoltage (1). Any decrease in 
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made only to current, whereas it is current density, 
multiplied by time, that really controls the electro- 
chemical processes which cause polarization. Below 
/,, all external current flows to the cathode, and in 
the case of the iron plate, the area of the cathode was 
unknown. Above J,, the external current is dis- 
tributed over the surface, now entirely cathodic, not 
necessarily uniformly, but in accordance with the 
resistance and counter emf of polarization. For ex- 
ample, let the polarized potential, LZ, + AF,,cf the are: 
originally cathodic be e, and, similarly, let the po- 
larized potential, #, + A,, of the area originally 
anodic, be e,. Then using increments, and Ohm’s law 














[H+], due to alkalinity at the cathode surface, would Al, r(AE — Aea) (5) 
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as air, tending to reduce the value of P, would result 
in a lower value of Eg. 

In addition to an expected increase in counter emf 
due to hydrogen, a possible increase in electrical 
resistance due to a hydrogen film should not be over- 
looked. Some evidence of this resistive component in 
the increase in cathodic potential is available. 

The value of 7, may, therefore, be considered as 
equivalent to fhe polarizing current required to in- 
crease E, to the level where its relation to the current 
is that characteristic of hydrogen overvoltage. It 
may be determined from the relation of the applied 
voltage E,, or of the galvanic potential E, to the 
polarizing current /; or by polarizing E, to Ey. pro- 
vided the latter is known in the given environment. 

Up to the present moment, reference has been 


1 10° AMPERES 


where AF is the increment in potential applied across 
the couple, and r, and r, are the resistances of the 
anodie and cathodic paths, respectively. Since AL, 
and AEF, are functions of A/, and AT/,, respectively, 
the current density tends to be more uniform than if 
governed by resistance alone (3). This is a fortunate 
circumstance in the application of cathodic pro- 
tection. 


CONCLUSIONS 


The measurement of EL, by any suitable method 
and its relation to the polarizing current may serve 
to indicate the magnitude of the protective current. 
Under certain conditions, for example, in an air-defi- 
cient environment, this indication may be sharp. If 


conditions are not favorable to observance of the 








usual overvoltage relation to current, estimation of 
the protective current from polarization curves may 
not be practicable. Fortunately, in underground cor- 
rosion, the air-deficient environment favors the inter- 
pretation of the results of this type of measurement. 

If the above relations, established in the labora- 
tory, can be determined in the case of pipe-lines and 
other underground structures, it may be possible to 
evaluate the total galvanic current flowing in the 
phase boundary and, therefore, the rate of corrosion 
at the moment; as a corollary, it may be possible to 
estimate how much externally applied potential or 
current is required to stop corrosion. It is believed 
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that this may be possible, in many environments, for 
the simpler geometrical structures where distribution 
of current can be accomplished. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1951 issue of the 
the JOURNAL. 
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Corrosion Rate and Etch Structures of Aluminum; Effect 
of Heat Treatment and Impurities’ 


B. Roaup? anp M. A. SrrReicueEer?® 


Lehigh University, Bethlehem, Pennsylvania 


ABSTRACT 


The effect of heat treatment of aluminum alloys ranging in purity from 99.2 to 99.998 
per cent Al on the rates of dissolution and resulting etch structures in hydrochloric acid 
and sodium hydroxide solutions has been studied. The results are listed at the end of the 


paper under SuMMARY. 


INTRODUCTION 

The present paper is a report of a brief morpho- 
logical study of the effects of heat treatment and of 
impurities in aluminum on the rates of dissolution 
in hydrochloric acid and in sodium hydroxide solu- 
tions and the resulting etch structures. Although the 
electrochemical character of the dissolution process 
in both of these solutions appears to be well es- 
tablished, there are a number of apparently contra- 
dictory observations and interpretations in the liter- 
ature on the effect of heat treatment of aluminum 
on its behavior in these solutions (2, 4, 9, 18). 


EXPERIMENTAL 

Two heat treatments were chosen, (a) all speci- 
mens were heated to 360° C to anneal the two phase 
structure present in all but the highest purity metal, 
and (b) some specimens were then heated at 575° C 
for 48 hours to produce a single phase structure in 
the purer specimens. One half of the latter speci- 
mens were furnace cooled and one half were water 
quenched from 575° C 
cooling rate. 


to determine the effect of 


The compositions of the various types of aluminum 
used are given in Table I.4 The specimens were 
punched in one piece from sheets 1-2 mm thick in 
the form of disks two inches (5.1 em) in diameter 
with a 13 inch (3.8 em) handle. The handle was 
covered with a plastic coating leaving an exposed 
area of 40.5 cm?. All specimens were heated to 360°C 
in an electric furnace and allowed to cool in the 
furnace. Some of these specimens were then, re- 


' Manuscript received April 10, 1950. This paper prepared 
for delivery before the Buffalo Meeting, October 11 to 13, 
1950. 

* Present address: Norwegian Defense Research Estab 
lishment, Chemical and Metallurgical Divsion, Lillestrém, 
Norway. 

* Present address: E. I. du Pont de Nemours & Com 
pany, Experimental Station, Wilmington, Delaware. 

' Detailed analyses of some are given in J. (and Trans.) 
Electrochem. Soc., 96, 171 (1949). 


heated in a Hayes furnace at 575°C for 48 hours, in 
two lots containing equal numbers of specimens of 
each aluminum alloy. One lot was water quenched 
from 575° C and the remaining lot was allowed to 
cool to room temperature in the furnace. The oxide 
coating formed during heat treatment was removed 
in 1N sodium hydroxide solution. Those specimens 
whose rates of dissolution in hydrochloric acid were 
to be determined were given a preliminary etch in 
hydrochloric acid to remove the sodium hydroxide 
etch structure formed during the removal of the heat 
treating scale. 

Dissolution runs were made in one liter of 20 per 
cent hydrochlorie acid at 25°C and in 0.30N sodium 
hydroxide in 4 liters of solution at 23°C. To obtain 
comparable and reproducible dissolution rates the 
initial surface of the aluminum must be uniform in 
its break-down characteristics throughout all tests. 
Therefore, the specimens were immersed in concen- 
trated sodium hydroxide solution (6N) until hydro- 
gen bubbles appeared (10-20 seconds) and were then 
rapidly withdrawn, rinsed immediately with water, 
and immersed in the test solution for a run. 


RESULTS 
Thermal Treatments 


The heat treatment at 575°C, following the pre- 
liminary anneal (P.A.) at 360°C, results in grain 
growth, either relatively uniform coalescence of 
grains or secondary recrystallization during which 
relatively few grains grow at the expense of many 
smaller grains. For composition V the specimens 
which were water quenched from 575°C had grains 
about 0.06 mm in diameter. The corresponding fur- 
nace cooled specimens consisted of only about ten 
large grains 15-40 mm in diameter. This effect of in- 
creased grain growth of furnace cooled specimens as 
compared with those that were water quenched was 
also observed to a lesser extent on compositions II] 


and IV. 
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Dissolution Rates 


The results of dissolution tests in hydrochloric acid 
are given in Table I. It is seen that there was a 
rapid increase in the rate of dissolution as the quan- 
tity of impurities in the aluminum increased, es- 
pecially between compositions II and ILI. This is in 
agreement with previous investigators (1, 2). In 
order to obtain appreciable weight losses for the 
specimens having low rates, tests as long as 160 
hours were made. In those cases where there was 
intergranular attack, the rates of dissolution given 
in Table | were determined before any grains dropped 


TABLE I. Effect of heat treatment on the rate of 
dissolution of aluminum in sodium hydroxide 


and hydrochloric acid 


Rate of dissolution mg/hr 


40.5 cm* Ratio ; 
Alloy © Al Treatment ae je "yy 
n 0.304 , ‘ . ; 
| Nail at in my Bet W.Q 
I 99 998 P.A. | 31.2 1.02 
W.Q. | 0.88 1.2 
rc. | 0.77 1.3 
II 99.99 P.A. 116.0 18.7 
W.Q. 0.80 21.6 
F.C. 0.74 26.5 
iI 09.97 PA. | 147.4 | 1090 
W.Q. | 204 5.4 
F.C. | 37.6 29.2 
IV 49.88 P.A. | 147.4 6030 
W.Q. 1960 3.0 
F.C. 1160 §.7 
V 99.57 P.A. 216.7 12100 
W.Q. 6950 Pe 
F.C. 5100 2.4 
VI 99.2 P.A. 269.1 31200 
W.Q. 20600 1.5 
F.C, 20200 1.5 


= 


P.A.—preliminary anneal at 360 
W.Q.— water quenched from 575°C 
F.C.—furnace cooled from 575°C. 


out of the surface and, therefore, these high rates are 
not the result of intergranular disintegration. In 
every case the specimen which received only the pre- 
liminary heat treatment at 360°C had the highest 
rate of dissolution, and the specimen furnace cooled 
from 575°C had the lowest rate. 

In sodium hydroxide the effect of impurities on 
the rate of dissolution was much less pronounced. The 
rate increased from 31.2 to 269.1 mg/hr (40.5 em?), 
a factor of about 8, as the impurities increased from 
composition I to VI. The rates given in Table I are 
arithmetic averages determined after 4 hours of im- 
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mersion by dividing the weight loss in mg by the im- 
mersion time. The instantaneous rate of dissolution 
of relatively pure aluminum in sodium hydroxide 
solution increased with immersion time as the im- 
purities in the aluminum accumulated on the sur- 
face of the specimen (3). Heat treatment did not 
affect the rate of dissolution in sodium hydroxide, 

The effect of heat treatment on the rate of dis- 
solution in hydrochloric acid may be shown by plot- 
ting the ratio of the rate of dissolution of the speci- 
men annealed at 360°C to the rate of dissolution of 
the specimen heated at 575°C and water quenched 
(or furnace cooled) against the quantities of im- 
purities (Table I and Fig. 1). Fig. 1 is a plot of the 
P.A./F.C.® ratios. The effect of heat treatment on 
the rate of dissolution is a maximum for specimens 
of composition III. With water quenched specimens 
the maximum effect of heat treatment was obtained 
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IMPURITIES, PER CENT 


Fria. 1. Effect of heat treatment in changing the rate of 
dissolution of aluminum with increasing amounts of im- 
purities in 20 per cent HCl at 25°C. The ratio of the dis- 
solution rate of specimens heated only to 360°C (P.A.) to 
the rate of specimens heated also at 575°C and furnace 
cooled (F.C.) is plotted against per cent impurities in the 
metal. 


with specimens of composition II (Table I). By 
plotting ratios of dissolution rates only the effect of 
composition on response to heat treatment is re- 
vealed, uninfluenced by absolute dissolution rates. 
Etch Structures 

Fig. 2, 3, 4, and 5 illustrate the elements of the 
various etch structures produced in hydrochloric 
acid and sodium hydroxide solutions. The results of 
metallographic examination are given in Table II. 
No difference in the type of attack was observed be- 
tween furnace cooled and water quenched specimens. 
Specimens of composition II exhibited pronounced 
intergranular attack in hydrochloric acid, which 
finally resulted in the dropping out of entire grains 


®P.A.—rate of dissolution of specimen receiving only 
preliminary anneal at 360°C; F.C.—rate of dissolution of 


specimen heated to 575°C and furnace cooled. 
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Fig. 2. Composition I (99.998% Al) etched by 0.30N 
NaOH. Step-wise attack (grains dissolve at different rates). 
Entire surface covered by craters. 250 X. 





Fic. 3. Composition I (99.998% Al) etched by 20 per 
cent HCl. Intergranular attack and etch pits. 250 X. 
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Fic. 4. Composition III (99.97% Al) etched by 0.30N 


NaOH. V-notch attack at grain boundaries. 250 X. 


after about 10 days of immersion, whereas in sodium 
hydroxide no intergranular or V-notch attack was 
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observed. With composition III this situation was re- 
versed. In hydrochloric acid there was no inter- 
granular attack, whereas in sodium hydroxide there 
was a unique type of V-notch attack. The V-notch 
attack, however, does not lead to undermining of the 
grains as in the case of the intergranular attack in 
hydrochloric acid. 





Fic. 5. Composition III (99.97% Al) etched by 20 per 
cent HCl. Angular chasms. Some craters from preliminary 
etch in NaOH visible. 250 x. 


TABLE II. Results of metallographic examination of 


corroded aluminum specimens heat treated at 575°C 


Type of attack 


Alloy 
HCl | NaOH 

I Some intergranular, also step-| Craters, some V 
wise and etch pits notch and step 

wise 
II Heavier intergranular, deeper, Craters, step 

pits, also some step-wise, | wise 

block structure 

II No intergranular, deep angu-| Craters, V-notch 
| lar chasms,—block struc at grain bound 

ture aries 
IV Angular chasms and inter-| Craters, some V 
granular,—block structure notch, mostly 


step-wise 


V Angular chasms, no inter-| Craters, all step 
granular,—block structure wise 
VI Surface covered by adherent) Craters, no grain 


black coating boundaries vis- 


ible 


Both types of intergranular attack (in hydrochloric 
acid and sodium hydroxide) do not appear on all 
grain boundaries. Some boundaries are unattacked 
probably as a result of almost identical orientation 
of the two grains forming the boundary as suggested 
by Lacombe and Yannaquis (4). 

For all compositions in sodium hydroxide solu- 
tions the grains were covered by merging craters as 








a result of attack. In hydrochloric acid a charac- 
teristic block structure appeared on specimens of 
composition II, III, IV, and V. Similar structures 
on aluminum have been observed by Mahl (19), 
Mahl and Pawlek (20), and Mahl and Stranski (21). 

Fig. 6 shows the block structure produced by 
hydrochloric acid attack on alloy IV. The acid 
solution in which alloys II, III, IV, and V dissolved 
contained a fine powder, which, when filtered and 





Fic. 6. Composition IV (99.88% Al) etched by HCl. 
Typical block structure which is also produced on speci 
mens of compositions II, III, and V. 600 x. 





Fic. 7. Composition I (99.998% Al) after prolonged 
etch in 20 per cent HCl. Black areas indicate where grains 
have dropped out or where grain boundaries were prefer 
entially attacked to produce perforation. About 2 x. 
examined under the microscope, was found to consist 
of the same type of rectangular blocks of the order of 
0.005 mm as shown in Fig. 6. 

When a specimen of composition I, heat treated 
at 575°C, was allowed to disintegrate almost com- 
pletely in hydrochloric acid, some grains drop out, 
and some grain boundaries are corroded through the 
entire thickness while others remain unattacked (Fig. 


7). 
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DISCUSSION 
Dissolution Rates 

The main impurities in the aluminum specimens 
studied were iron, copper, and silicon. Of these, iron 
was the most effective in accelerating the rate of dis- 
solution of aluminum in both sodium hydroxide and 
hydrochloric acid (1, 2, 3, 5) by providing cathodes 
of relatively low overvoltage on the surface of alu- 
minum. The narrow range of composition in which 
there was an appreciable effect of heat treatment on 
the rate of dissolution (Fig. 1) suggests that this 
effect is related to the solubility limits of one of the 
impurities, probably iron. In a recent determination 
of the solubility of iron in solid aluminum (6), it was 
found that the solubility of iron decreases from 0.018 
per cent at 575°C to 0.006 per cent at 500°C and 
less than this at 360°C. The iron content of the 
specimens I and II was 0.0005 and 0.006 per cent, 
respectively. It appears likely that the effect of heat 
treatment on the dissolution rate may be explained 
by the fact that specimens of compositions I, II, and 
probably III are solid solutions at 575°C and had a 
relatively low rate of dissolution. With the excep- 
tion of I, at 360°C there were two phases present in 
all specimens including those of composition II and 
III. Aluminum alloys containing quantities of iron 
greater than the solubility limit at 575°C (ie., 
0.018% Fe) do not respond to heat treatment to any 
great extent because they retain the second phase 
when heated to 575°C. Wiederholt (7) and v. Zeer- 
leder and Zurbriigg (2) observed a similar effect of 
annealing temperature on the rate of dissolution of 
aluminum in hydrochloric acid. 

It is more difficult to account for the fact that the 
furnace cooled specimens had a lower rate of dis- 
solution than the water quenched specimens. Fur- 
nace cooling might be expected to result in more 
complete precipitation of second phase than that re- 
sulting from water quenching and a higher rate of 
dissolution as compared with water quenching. 
Differences in grain size do not appear to be respon- 
sible for the differences in dissolution rates between 
furnace cooled and water quenched specimens. Even 
water quenching may not have been sufficiently 
rapid to suppress all precipitation of a second phase. 
Thus, the corrosion rates of water quenched strue- 
tures may have been determined by a finely divided 
precipitate. In the furnace cooled specimens there 
was probably a greater quantity of precipitate pres- 
ent which had time to agglomerate into fewer and 
larger particles, resulting in a lower rate of dissolu- 
tion than the specimens (W.Q.) which contain less, 
but more finely divided precipitate. In addition the 
furnace cooled specimens should be in a relatively 
stress free condition as compared with those that 


were water quenched and, therefore, the former 


should have a lower rate. 
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The absence of any appreciable effect of heat 
treatment on the rate of dissolution in sodium hy- 
droxide solutions does not speak against an electro- 
chemical mechanism for this process. An increase in 
impurities in aluminum from 0.002 to 0.8 per cent 
results in only an 8-fold increase in the rate of dis- 
solution. Thus relatively large quantities of pre- 
cipitated phase were required to produce an appre- 
ciable increase in the rate of dissolution. Apparently 
the changes in concentration of precipitated phase 
produced by the heat treatments used were not 
large enough to affect the rate of dissolution in 
sodium hydroxide. 

In contrast, a very small amount of tron deposited 
by cementation on the surface of aluminum dissolv- 
ing in sodium hydroxide produced a large increase 
in the rate of dissolution (8). Thus a small quantity 
of iron on the surface of aluminum freed when alu- 
minum-iron solid solution dissolves overshadowed the 
effect of the aluminum-iron compound in increasing 
the rate of dissolution. 


Etch Structures 


Previous investigations of the effect of heat treat- 
ments on the type of attack.on pure aluminum by 
hydrochloric acid have resulted in apparently con- 
tradictory observations. Rohrman (9), using 99.95 
per cent aluminum, found that specimens annealed 
at 600-650°C and quenched from this temperature 
showed severe intergranular attack in 10-20 per 
cent hydrochloric acid, dislodging entire grains after 
30 days, whereas furnace cooled specimens did not 
disintegrate intergranularly®. However, Lacombe and 
Yannaquis (11) observed intergranular attack in 10 
per cent hydrochloric acid leading to a complete 
separation of the grains after 25-30 days on speci- 
mens of 99.99 and 99.998 per cent Al which had 
been furnace cooled from 600°C after heating 72 
hours. 

The French investigators (4, 11, 12, 13) have con- 
cluded that the etching of the grain boundaries by 
hydrochloric acid was more influenced by the rela- 
tive orientations of adjoining crystals than by im- 
purities in the metal itself. The grain boundaries in 
99.99 and 99.998 per cent Al were corroded at the 
same rate in the case of crystals oriented at random, 
whereas the boundaries separating crystals of nearly 
identical relative orientations or straight twin bound- 
aries were not corroded at all. 

The unique properties of grain boundaries are 
further revealed by their behavior during melting. 
Observations of the melting of high purity aluminum 

* Electrode potentials measured by Brown (10) in 20 
per cent hydrochloric acid on 99.986 per cent Al heated for 
1 hour at 620°C and water quenched showed the grain 
boundaries to be anodic to the grains while on slowly cooled 
specimens they were cathodic to the grains 
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in a thermal gradient so that one end was molten 
while the other remained solid have been made by 
Chaudron, Lacombe, and Yannaquis (12). It was 
found that there was a zone where only grain bound- 
aries are molten while twin boundaries remain un- 
altered’. The temperature of incipient melting at 
grain boundaries in 99.998 per cent Al was found 
by Pumphrey and Lyons (14) to be 4°C below that 
of the mass of the metal as determined from the 
equilibrium diagram. 

In the present study no effect of cooling rate on 
the type of grain boundary attack was observed. 
This was in apparent contrast to the observations of 
fohrman (9) on 99.95 per cent Al. Edwards, in the 
discussion on Rohrman’s paper, indicated that treat- 
ing aluminum at 600-650°C may result in the for- 
mation of some liquid metal®. Since the grain bound- 
aries melt at a lower temperature than the grain 
centers (12, 14), on quenching this phase may be 
retained as a cast structure in the grain boundaries 
producing preferential attack. During furnace cool- 
ing homogenization of this structure may take place, 
which may explain the absence of preferential at- 
tack at grain boundaries as observed by Rohrman. 

Whenever intergranular attack was observed in 
the present study there were always some grain 
boundaries which remained unattacked, probably as 
a result of certain orientation relationships as ob- 
served by Lacombe and Yannaquis (4). Inspection 
of Table II reveals that for a given heat treatment 
the presence or absence of intergranular attack de- 
pends on the composition of the metal. Increasing 
quantities of impurities may intensify or suppress en- 
tirely the intergranular attack. 

The type and form of attack was also determined 
by the corroding solution. There was no intergranu- 
lar attack of specimens of composition III in hy- 
drochloric acid, but when these specimens were ex- 
posed to sodium hydroxide solutions there was an 
intergranular attack of a unique V-notch type. 

The fact that the block structure shown in Fig. 4 
appeared on specimens of composition II, III, IV, 
and V and not on those of composition I, the purest, 
seems to indicate that this disintegration in the form 
of blocks was related to the presence of a certain 
minimum quantity of impurities. Similar block dis- 
integration processes have been observed on arsenic 
trioxide (15) and Mg.Sn (16) in distilled water. 
Traube and Behren (15) concluded that impurities 
were not responsible for the phenomenon in the case 

7 When the metal was heated for 15 hours near the melting 
point, it was observed in certain cases by these investigators 
that an inversion of corrosive attack took place. In hydro 
chlorie acid the bulk of the grains dissolved leaving the 
boundaries uncorroded as a very thin partition. 

8 99.996 per cent Al melting point: 660.2°C (17). 

99.95 per cent Al (0.05% Fe) solidus temperature: 
655°C (6) 








of arsenic trioxide, while Robertson and Uhlig (16) 
attribute the splitting of Mg.Sn into geometric blocks 
in distilled water (and some other reagents) to hy- 
dration of magnesium ions, thus creating local lattice 
disturbances and attendant stresses that destroy the 
bond between the (octahedral) planes. 


SUMMARY 


The effect of heat treatment of aluminum alloys 
ranging in purity from 99.2 to 99.998 per cent Al 
on their rates of dissolution and resulting etch struc- 
ture in hydrochloric acid and in sodium hydroxide 
solutions has been studied. The specimens were proc- 
ess annealed at 360°C and some were then heated 
at 575°C. From the high temperature one half of 
the specimens were water quenched and the remain- 
ing half were allowed to furnace cool. 

1. Larger grain size resulted with specimens of 
compositions Il, IV, and V which were furnace 
cooled from 575°C than with specimens which were 
water quenched from this temperature. 

2. When the impurities in aluminum were in- 
creased from 0.002 per cent to 0.8 per cent, the 
change in rate of dissolution in sodium hydroxide 
was relatively small, (an 8-fold increase) while in 
hydrochloric acid there was a 30,000 fold increase. 

3. Heat treatments had no effect on the rate of 
dissolution in sodium hydroxide, but this fact does 
not conflict with an electrochemical interpretation 
of this process because relatively large changes in 
concentration of impurities in aluminum were re- 
quired to bring about appreciable changes in dis- 
solution rates. 

{. Corrosion rate data from hydrochloric acid tests 
revealed that heat. treatments were most effective in 
a narrow range of impurity (iron) content, indicating 
that a change in solid solubility with temperature of 
heating was involved. 

5. Intergranular attack on aluminum appears to 
be determined by: 

(a) the composition of the metal (type and quan- 
tity of impurities) 

(b) the heat treatment cycle to which the metal 
was subjected. The rate of cooling apparently did not 
affect the type of attack unless the metal was par- 
tially melted during heating. 

(c) the type of corroding solution. A given speci- 
men may have been attacked intergranularly in 
hydrochloric acid and suffer only general attack in 
sodium hydroxide and vice versa. 

(d) the orientation of grains in relation to each 
other as suggested by Lacombe and Yannaquis (4). 


6. In sodium hydroxide a unique form of inter- 
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granular attack of a V-notch type was observed. 

7. When specimens of composition IT, III, IV, and 
V dissolved in hydrochloric acid, a fine dust was 
found in the solution which consists of rectangular 
blocks of the order of 0.005 mm in length, similar 
in structure to that observed on the surface of the 
metal. Highest purity aluminum (99.998% Al) did 
not develop a block structure in hydrochloric acid, 
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The Rate of Corrosion of Silver in Solutions 
of Ferric Sulfate’ 


HuGu SALZBERG AND Ceci, V. KING 


Department of Chemistry, New York University, New York, N. Y. 


ABSTRACT 


Metals down to copper in the emf series dissolve in ferrie salt solutions at maximum, 
diffusion controlled rates, with quantitative reduction of ferric to ferrous ion. Silver, 
however, reaches an equilibrium with only partial reduction of ferric ion, and the dis- 
solution rate is smaller than with more active metals. 


This paper reports a study of the corrosion or dissolution rate of silver in ferric salt 
solutions as a function of (a) the concentration of the ions involved, (b) the concentra- 
tion of the acid, (¢) speed of stirring, (d) temperature, and (e) emf of the silver-silver 
ion, ferric-ferrous ion cell. The rate has been found to be greatly influenced by adsorp- 
tion of ions formed in the reaction. A rate equation has been derived which ineludes the 
effects of adsorption and of the reverse reaction. 


INTRODUCTION 


Van Name and Hill (1) found that zinc, cadmium, 
iron, nickel, and tin dissolve at approximately the 
same rate in ferric alum solutions containing sulfuric 
acid. They postulated a diffusion controlled rate in 
these cases, in accordance with the theory of Nernst. 
Copper, they found, dissolves at almost the same 
rate, but silver dissolves much more slowly and the 
rate is decreased by the silver ion formed or by added 
silver sulfate. Van Name and Hill point out that a 
slow chemical reaction may lead to a rate in which 
diffusion speed plays no part, and that intermediate 
rates are also possible. 

This paper presents the results of a study of the 
rate of dissolution of silver in dilute ferric salt solu- 
tions, chiefly ferric sulfate, with sufficient acid to 
repress hydrolysis and with added ferrous and silver 
sulfates to bring the system near equilibrium. As 
equilibrium is approached 


Ag + Fet+++ = Agt + Fet+ (1) 


it is to be expected that the rate of the reverse reac- 
tion will approach that of the forward reaction and 
the net rate will decrease to zero. 

Preliminary experiments with sterling silver (ap- 
proximately 8 per cent copper) in ferric nitrate solu- 
tions (2) showed that the dissolution rate decreased 
with time far faster than was to be expected from 
known values of the equilibrium constant. The pur- 
pose of this work was to study the factors which 
affect the net reaction rate. The metal silver and the 
oxidizing agent ferric ion were chosen because the 

'Manuseript received February 24, 1950. This paper, 
from a thesis submitted by Hugh Salzberg to the Graduate 
School of New York University in partial fulfillment of the 
requirements for the degree Doctor of Philosophy, prepared 
for delivery before the Buffalo Meeting, October 11 to 13, 
1950. 
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normal potentials of the silver-silver ion and ferric- 
ferrous ion pairs are close together and it was desired 
to learn whether low rates are caused directly by 
low potential differences. 


EXPERIMENTAL PROCEDURE 


Cylinders of pure silver were prepared, approxi- 
mately 1.5 em in diameter and 2 cm long. These were 
mounted on a steel motor-driven shaft with the ends 
protected by sulfur-free rubber washers; the remain- 
der of the shaft was protected by a close-fitting bake- 
lite sleeve. The cylinders were rotated in 500 ml of 
solution and the speed of rotation was measured with 
a stroboscopic counter which had been calibrated 
with a synchronous motor. 

The temperature of the solution was controlled 
within +0.2°C. Potentials were measured with a 
student type potentiometer. Contact with the silver 
was made through a mercury cup mounted at the top 
of the motor shaft, and a platinum electrode was im- 
mersed in the solution to respond to the ferric-ferrous 
ion potential. 

Stock solutions of ferric sulfate were prepared, 
containing enough sulfuric acid to give clear solu- 
tions, and standardized with the aid of a Jones re- 
ductor and permanganate titration. In some experi- 
ments, weighed amounts of anhydrous ferrous sulfate 
were dissolved in the solutions; in others, aliquot 
portions of freshly prepared stock solutions contain- 
ing sulfuric acid were added. 

The rates were measured by weighing the silver 
cylinders before and after each run. Each cylinder 
weighed approximately 30 grams and was weighed to 
0.1 mg. When rotated in water and dried with filter 
paper, the weight checked to +0.1 mg. When rotated 
in the various solutions used for two to ten minutes, 
the weight loss could be duplicated, as a rule, within 
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+0.3 mg., the precision being almost independent of 
the actual amount dissolved. 


EXPERIMENTAL RESULTS 

Time of each run.—In most of the solutions used it 
was found that the reagent concentrations did not 
change appreciably in the first 15 minutes or more. 
Successive two-minute runs could be made in ferric 
sulfate solutions with little change in rate. In ferric 
nitrate or perchlorate solutions, however, the rate 
fell off rapidly during the first few minutes, although 
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Fic. 1. The dissolution rate of silver in ferric sulfate and 
ferric nitrate. 30°C, 4000 rpm or 304 cm/sec peripheral 
speed. 
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Fic. 2. The effect of anions and comparison with diffusion 
control. 4000 rpm, 30°C. The dissolution rate of a copper 
cylinder at the same temperature and peripheral speed is 
given in terms of mg silver per cm? per min. 


extrapolation to zero time gives values similar to 
those obtained in the sulfate solution. Fig. 1 shows 
typical results. 

Surface condition.—Where corrosion rates were 
relatively high as in the absence of reaction products, 
it was found that the rates were nearly independent 
of the preliminary surface treatment, i.e., etching 
With various reagents, polishing with fine emery or 
rouge papers or electropolishing. 

With near-equilibrium concentrations the rates 
are comparatively low and varied a great deal with 
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the surface treatment. For example, when the cylin- 
der was first brought to a high polish with rouge 
paper, the rate fell off steadily in successive two- 
minute runs although the concentrations of reagents 
were hardly changed. Upon repolishing twice, with 
removal of less than one mg of silver each time, the 
rate rose to the initial value. 

Since the rates were more reproducible with pol- 
ished cylinders and were easier to measure because 
of the higher values, the cylin¢ers were always pol- 
ished between runs. In spite of these advantages, 
this procedure has two obvious disadvantages: (a) 
the rates so obtained are from a special cold-worked 
and abraded layer of silver rather than from natural 
crystalline faces, and (b) not more than 5 or 6 mg 
could be dissolved in any one experiment without 
weighing and repolishing the cylinder. These com- 
ments apply only to slow rates in near-equilibrium 
solutions. 

In all the figures and tables of this paper except 
Fig. 1, rates are reported as milligrams silver dis- 
solving per square centimeter surface per minute. 
The actual amounts dissolved per run varied from a 
maximum of about 60 mg per two minute run in 
0.08. ferric ion solutions (as sulfate) to a minimum 
of 3 or 4 mg in ten minute runs in near-equilibrium 
solutions. The maximum amount of ferric ion reduced 
in any one run was about two per cent of the amount 
present in the 500 ml of solution used. The rates re- 
ported are considered as “‘instantaneous”’ values and 
are equivalent to dx/dt in the usual rate equations. 

Anions.—Curve 2 of Fig. 1 is similar to curves 
found by Reass (2), using sterling silver and ferric 
nitrate, and shows that the decrease in rate is caused 
by the anion and not by the copper content of the 
sterling silver. Fig. 2 shows that the solution rates 
in ferric nitrate and ferric perchlorate solutions are 
lower at all concentrations than in ferric sulfate, and 
nearly independent of the concentration. These are 
rates measured after a few minutes and correspond 
to the flat portion of curve 2, Fig. 1. 

All further experiments were carried out with ferric 
sulfate and sulfuric acid. 

Comparison with diffusion controlled rates.—If the 
rates in ferric sulfate were entirely diffusion con- 
trolled, they should be proportional to the ferric ion 
concentration and should coincide approximately 
with the straight line (curve 1) of Fig. 2. This line 
was obtained by rotating a copper cylinder at the 
same peripheral speed in solutions of the same con- 
centration and temperature. Points at higher con- 
centrations than the one shown in the plot give the 
same slope. The amount dissolved was caleulated in 
terms of mg silver. The rates in equivalents per 
minute are almost the same as has been found at 
25°C for iron in ferric chloride (3) and copper a 
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Fic. 3. The dissolution rate of silver at 30°C vs. rota 
tional speed. 4000 rpm correspond to a peripheral speed of 
304 cm/sec 
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Fic. 5. Temperature coefficient in a solution near equi 
librium at 30°C. 


25°C in ferric chloride or nitrate (4) from cylinders 
rotated at the same peripheral speed. 
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It is evident that in very dilute ferric sulfate silver 
dissolves at a rate approaching that of diffusion con- 
trol, and that another factor is of increasing impor- 
tance at higher concentrations. 

Acid concentration.— Hydrogen ion does not enter 
the reaction directly and was added only to minimize 
hydrolysis of the salts. A series of 15 runs with 
0.005M ferric ion and sulfuric acid between 0.05N 
and 0.3N gave the same rate within experimental 
error. In all other runs including those previously 
described the acid concentration was kept at approxi- 
mately 0.3N. 

Salt effect.—Since sulfuric acid has so little effect 
on the rate we may assume that general salt effect 
is negligible. However, a series of runs was made with 
zine sulfate up to 0.14.7 added to 0.04 ferric ion 
(as sulfate) with 0.3N sulfuric acid. The effect was 
to decrease the rate a total of 17 per cent, nearly 
linearly with the concentration; the rate was reduced 
from 1.20 to 1.00 mg em~ min“. This is probably a 
specific effect of the zine ion, but is much smaller 
than the effect of ferrous and silver ions to be de- 
scribed below. 

Rotational speed.—The effect of changing the speed 
of rotation of the silver cylinders is shown in Fig. 3. 
Diffusion controlled rates are linear with rpm or 
peripheral speed above a few thousand em/min (5), 
whereas chemically controlled rates are probably in- 
dependent of stirring speed. Some influence of rota- 
tional speed was found in all experiments, even in 
solutions very near the equilibrium point (as shown 
in Table I). 

Temperature coefficients —Fig. 4 and 5 show the 
effect of temperature on the rates in solutions of two 
quite different types. With no reaction product ini- 
tially present and very little formed in the runs 
(Fig. 5), the average temperature coefficient is about 
1.5 per 10°C, which indicates a considerable degree 
of diffusion control. On the other hand, in a solution 
which is very near equilibrium at 30°C (Fig. 5) the 
temperature effect is much greater and the coefficient 
changes rapidly with temperature. 

Ferrous and silver ions.—Added ferrous and silver 
sulfates decrease the rate far more than zine sulfate, 
as shown in Fig. 6 and 7. Silver ion has a greater 
effect than ferrous ion, at the same concentration. 
Each has a large effect even though the other is 
absent or present in negligible concentration. This is 
not in accord with a simple reversible system with a 
back reaction rate proportional to the product of 
these two concentrations. Furthermore, a plot of rate 


vs. the product C4,+Cp.++ gives a series of curves for 
ach constant value of either ion as the concentra- 
ion of the other is varied. 

Rate and emf.—The emf between silver cylinder 
and platinum electrode was independent of rota- 
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tional speed in systems far from equilibrium, al- 
though the rate of dissolution always increased with 
increasing speed. Further, the emf might decrease 
several millivolts during a two-minute run, although 
several successive runs gave almost identical solu- 
tion rates. 
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Fic. 6. The effect of ferrous sulfate on the dissolution 
rate of silver in ferric sulfate. 
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Fic. 7. The effect of silver sulfate on the dissolution 
rate of silver in ferrie sulfate. 


At near-equilibrium conditions the emf always 
decreased by 0.5 to 2 mv when rotation was started 
and there was no obvious relation between emf and 
rate. Typical results are given in Table I. The experi- 
ments were successive two-minute runs in the same 
solution. 

The experiments shown in Fig. 8 were run to ob- 
serve the relation between emf and rate over a wide 
range of concentrations. Solutions of ferric sulfate 
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were prepared as indicated, and ferrous and silver 
sulfates were added to bring the emf to the values 
shown. While, in general, the rates decrease as the 
emf decreases, the two are obviously dependent on 
quite different functions of the ion concentrations. 

The following experiment gives concrete evidence 
of the reverse reaction. To several solutions very near 
equilibrium (as the one described in Table I) a few 
drops of ferrous or silver sulfate were added so that 
very small shiny silver crystals appeared throughout 
the solution. On rotating a silver cylinder in this 
solution for long periods, it gained in weight at the 
rate of about one milligram per hour. Presumably the 


TABLE I. Rate, emf, and rotational speed 
0.04M Fe***, 0.0654M Fet*, 0.0085M Ag*, 30°C 


















rpm emf, mv R, mg cm? min“ 
0) 3.5 negligible 
4000 1.2 0.206 
8000 1.3 0.518 
0 2.6 0.052 
1000 0.85 0.232 
8000 0.95 0.362 
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Fic. 8. The dissolution rate vs. potential between silver 
and a platinum electrode. Various amounts of ferrous and 
silver sulfates were added to obtain the potentials shown. 


small crystals dissolve slowly while silver deposits 
on the cylinder. Supersaturated solutions could not 
be prepared. 


INTERPRETATION OF RESULTS 

The curvature of the plot of rate vs. ferric ion con- 
centration, the strong inhibiting effect of ferrous and 
silver ions and the lack of proportionality of this 
effect to the product of the ion concentrations indi- 
cate that all these ions are adsorbed on the silver 
surface and thus influence the rate. 

An equation describing all features of the observed 
rates may be derived on the basis of the following 
assumptions: (a) The net rate is the difference be- 
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tween a forward and a reverse rate and both are 
affected by adsorption. (b) The adsorption of each 
ion follows the form of a Langmuir isotherm except 
that, as shown in the equations below, equilibrium is 
not maintained while dissolution is proceeding. (c) 
The forward rate is proportional to the amount of 
ferric ion adsorbed. (d) The reverse reaction occurs 
when a free ferrous ion collides with an adsorbed 
silver ion, or vice versa. (e) The surface area covered 
by adsorbed ferric ions is small compared to the 
area covered by ferrous and silver ions, when these 
ions are present in appreciable concentrations. 

These postulates may be put in the following 
form: Let 6;, 62, 6; be the fraction of silver surface 
covered by Agt, Fe*++, and Fet** ions respectively, 
and ¢), ¢2, ¢; be concentrations of the same ions. R 
is the net reaction rate in any convenient units, as 
mg em min~!. The surface areas which would nor- 
mally be covered by silver and ferrous ions are in- 
creased by factors proportional to R, since these 
ions are continually being formed, while the area 
normally covered by ferric ion is diminished by a 
similar factor since this ion is being reduced to fer- 
rous ion. Then 


— 


A= ae(l — 0) + aR wy - (II) 
=aec(l—0)+a"R | (11) 
6; = asc,(1 — 0) —a’’R (IV) 

6=h+ (V) 


The a’s are constants of the isotherms. The rate 
equation is 
R = k6s = k'c 0. =— hee) ie (VI) 
where the k’s are constants. 
Simultaneous solution of equations (II) to (VI) 
leads to the final rate equation 


kyc3 — kee, e2 
1 + kses + hye + ksey? + hee. + ke? — hegeyC2 , 
(VII) 
where /, to ks replace all the other constants. Equa- 


tion (VII) may be applied to the data and numerical 
values of the constants may be found as shown below. 


APPLICATION OF RATE EQUATION 


1. Rates in ferric sulfate alone.—Considering the 
concentration of ferrous and silver ions to be negligi- 
ble, equation (VII) reduces to 


hye 
R= ; VII} 
] aa k3e3 ( 
While equation (VIII) does not follow directly from 
assumption (e) in the preceding section, it may be 
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derived independently by postulating that, in the ab- 
sence of silver and ferrous ions, 
R = k6s and 6, = AxC3(1 — 43). 
By inverting (VIII) an equation which is linear 
in 1/R and 1/e; results: 


1/R = (1/k,)(1/e3) + ks/ky (IX) 
The data shown in curve 2 of Fig. 3 were plotted as 
reciprocals and the constants determined: k, = 46.7, 


TABLE II. Solution rates in ferric sulfate solutions 


4000 rpm or 304 em/sec, 30°C 





Cyettts M R, observed R, calculated 
me cm-?min™ 
0.005 0.216 0.218 
0.01 0.44 0.410 
0.02 0.73 0.732 
0.04 1.20 1.20 
0.05 i.e 1.37 
0.06 1.47 1.52 
0.08 1.73 1.76 
0.10 2.04 1.95 
Average difference 0.0255 
' | 
OO4MFE*** 
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Fic. 9. Reciprocal of the rate vs. ferrous ion concentra- 
tion. Data of Fig. 6, 4000 rpm, 30°C. 


k; = 14.0. Table II compares the experimental rates 
with values calculated from equation (VIII). 

2. The effect of ferrous ion.—In the experiments 
of Fig. 6, ferric ion was present in constant concen- 
trations and the amount of silver ion was negligible. 
Under these conditions equation (VII) may be put 
in the form: 

l 1 + ke; ke ky 


R kws Kits "Co + — “C9 (X) 


The curvature of the plots of 1/R vs. ec: in Fig. 9 
shows the necessity of the ¢c: term in equation (X). 
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By plotting the left side of (X) divided by e, vs. 
@, the constants ks and k; may be evaluated. While 
points on such a plot are somewhat scattered since 
experimental errors are magnified, average values 
were chosen as follows: kg = 13.5, k7 = 90. Table 
[II compares the experimental rates with values 
calculated from equation (VII). 

3. The effect of silver ton.—-With constant ferric 
ion concentration and negligible ferrous ion, the 
effect of silver ion may be analyzed as above. This 
method applies to curve 1 of Fig. 7, and suitable 


TABLE ILI. The effect of ferrous sulfate on the solution rates 
4000 rpm or 304 em/sec, 30°C 


0.04M Fe*** 0.08M Fe*** 
Cyerr>M | observed | calculated Cyett» M observed calculated 
0 1.20 1.20 0 1.73 1.76 
0.0189 1.00 1.01 0.0201 1.59 1.54 
0.02 1.03 1.00 0.0206 1.54 1.53 
0.0379 0.84 0.845 0.04382 1.29 1.29 
0.04 0.82 0.83 0.0636 1.11 1.12 
0.06 0.63 0.69 0.0835 0.965 0.96 
0.0665 0.60 0.66 0.0838 0.925 0.96 
0.08 0.60 0.58 0.0950 0.85 0.89 
0.106 0.41 0.46 0.121 0.79 0.77 
0.12 0.45 0.42 0.139 0.67 0.65 
0.149 0.55 0.61 
Average differ- Average differ- 
ence 0.0275 ence 0.0255 


TABLE IV. The effect of silver sulfate on the solution rates 
0.04M Fet**, no Fett. 4000 rpm, 30°C 


( Agt? M R, observed R, calculated 
0 1.20 1.20 
0.001 1.18 1.18 
0.002 1.22 1.14 
0.004 1.09 1.09 
0.006 1.04 1.05 
0.01 0.92 0.93 
0.02 0.715 0.71 
Average difference 0.0150 


values of the constants are: ky = 35.5, k; = 930. In 
Table IV the experimental rates are compared with 
raleulated values. 

4. The effect of ferrous and silver ions together. 
When both these ions are present the terms in ¢)¢2 
can no longer be ignored, and the constants kh, and 
kg must be evaluated. Equation (VII) may be re- 
arranged as follows: 


RG + kes + ksey + ksei + kece + kre3) — KyC3 


C)C2 


= ksR = ke (XI) 
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A plot of the left member of equation (XI) vs. R 
should be linear. All available data (curves 2 and 
3 of Fig. 7) are plotted in this manner in Fig. 10. 
It is obvious that ks is neglgible; 2500 is chosen as 
the best value of ko. 

Table V compares the measured rates in these 
experiments with values calculated from equation 
(VII). 

A summary of the constants of equation (VII) 
with their units follows. These values are for a rota- 
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Fic. 10. A plot of F 


vs. rate. 


, the left side of equation (XI), 


TABLE V. The effect of ferrous and silver ions together on 
the solution rates 


4000 rpm, 30°C, 0.04M Fe*** 


0.02M Fet* 0.04 M Fe** 
Cagt M observed | calculated Cage M observed calculated 
0 1.03 1.00 0 0.82 0.83 
0.00191 0.93 0.92 0.00182 0.79 0.73 
0.00423 0.83 0.81 0.00396 0.65 0.61 
0.00574 0.71 0.75 0.0060 0.495 0.52 
0.0085 0.62 0.65 0.0080 0.495 0.413 
0.0100 0.63 0.60 0.010 0.289 0).322 
0.0127 0.495 0.492 0.012 0.263 0.238 
0.0144 0.446 0.447 0.014 0.150 0.160 
0.0169 0.395 0.375 0.015 0.148 0.123 
0.016 0.061 0.088 
0.018 0.070 0.021 


Average differ- Average differ- 


ence 0.0204 ence 0.0351 
tional speed of 4000 rpm with the cylinders used, 
or 304 em ‘see peripheral speed, and 30°C. 


k, = 46.7 mg liters moles ' em™* min 
ky = 2500 mg liters’ moles * em” min 
k; = 14.0 liters moles‘ 

k, = 35.5 liters moles * 

ks = 930 liters’ moles * 

ks = 13.5 liters moles’ 

k; = 90 liters’ moles ” 

ks = 0 liters’ moles * 


DISCUSSION 


It is evident that equation (VII) gives excellent 
agreement with the experimental data with "the ex- 
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ception of a few scattered points. Almost equally 
good agreement is obtained by omitting the terms 
kse, and kseyeo, Which were introduced to account for 
a slight curvature of the plot of 1/R vs. Cy,+ for the 
data of Table IV. Additional data are needed to 
tell whether this curvature is real or not. The simpler 
equation is derived by omitting the term a’P from 
equation (III) and the term k’e,4. from equation 
(VI). This amounts to assuming either that free 
silver ion does not react with adsorbed ferrous ion, or 
that silver so formed is not deposited on the cylinder. 

The constant /; purports to give the rate in the 
absence of all adsorption and might be expected to 
agree with the constant for the diffusion controlled 
rate with copper. The value of the latter, from the 
slope of the straight line in Fig. 2, is 55.5 in the same 
units, compared to ky = 46.7. The discrepancy may 
be explained either by a finite though short life of 
adsorbed ferric ion before reduction, or by some 
degree of error in the assumption that the amounts 
of ferrous and silver ion formed are negligible in the 
two minute runs used to establish curve 2 of Fig. 2. 

If it may be assumed that the entire silver surface 
acquires a positive charge from adsorbed ions as 
soon as dissolution begins, an explanation is avail- 
able for the lower rates in nitrate and perchlorate 
solutions. A sulfato-ferric ion, of negative or reduced 
positive charge, can be adsorbed and react more 
readily than a triply positive (hydrated) ferrie ion. 
While no data are available as to the extent of com- 
plex formation between ferric and sulfate ion it is 
thought that many polyvalent metal ions do form 
such complexes because their transport numbers be- 
come small or negative in the presence of sulfates 
(6). Ceric ion has been reported to exist as a negative 
complex in sulfurie acid solutions (7). The change 
in color of ferric nitrate solutions on adding nitric 
acid, and the ultraviolet absorption of ferric per- 
chlorate solutions (8), indicate that these ions do 
not form complexes. 

A few experiments not reported above showed 
that addition of sulfuric acid or potassium sulfate to 
ferric nitrate or perchlorate increases the rate con- 
siderably, while addition of nitric or perchloric acids 
to ferric sulfate does not decrease the rate much. 

While it has long been assumed that metal ions 
are adsorbed from salt solutions by metals, little 
direct experimental evidence is available. Work with 
radioactive tracers has shown that metals exchange 
atoms with their own and other metallic ions in 
solution and that the rate of exchange is influenced 
by the anions present (9). The speed and extent of 
exchange between silver and silver ion has been 
measured (10, 11). The process apparently involves 
local cell action on the silver surface, with consid- 
erable dissolution taking place at anodic areas and 
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corresponding deposition occurring at cathodic areas, 

Although such experiments do not prove that 
these ions are adsorbed it is probable that adsorp- 
tion accompanies the exchange. It has been reported 
that considerable radioactive sodium ion is removed 
by silver from sodium carbonate solution (12), but 
the experiment seems open to question. The data 
of this paper indicate that silver ion is strongly ad- 
sorbed on silver, ferrous ion to a lesser extent; zine 
ion is probably weakly adsorbed while sulfuric acid 
and potassium sulfate give no evidence of adsorp- 
tion. 

We must conclude from the above experimental 
data that the relative potentials of oxidant and 
reductant have only indirect connection with reae- 
tion rates in the sulfate solutions. The system is not 
self-polarizing in the electrical sense; the sulfato- 
ferric ion reacts almost instantly provided it finds 
a vacant spot on the silver surface. The reaction 
rate is limited by three factors: (a) diffusion speed, 
effective with very dilute ferric ion in the absence of 
corrosion products; (b) the fraction of uncovered 
surface; and (c) the reverse reaction. With nitrate 
or perchlorate solutions and unpolished silver sur- 
faces the conclusions might be different. 

An analogous reaction of quite different behavior 
is that of aluminum in ceric-cerous sulfates in sul- 
furic acid, studied by Petrocelli (13). Here the normal 
potentials differ_by some 3 volts and the reverse 
reaction is entirely negligible. The dissolution rate is 
very low because of interference by an oxide film on 
the metal and within wide limits is independent of 
the concentrations of ceric, cerous or aluminum ions. 

For reactions in homogeneous solution it has been 
shown that oxidation-reduction potentials are re- 
lated to rates only in special cases. These have been 
summarized and discussed by Remick (14). In one 
such case the potential is determined by an equilib- 
rium which involves a molecule or ion whose con- 
centration is rate controlling. In another case, the 
reaction procedes over an energy barrier which makes 
it essentially nonreversible, and the potential re- 
quired for appreciable rates is higher than the cal- 
culated reversible potential of the system. The latter 
case no doubt has analogies in heterogeneous reac- 
tions including metal corrosion. 

There is good reason to believe that the forward 
and reverse reactions continue at equilibrium with 
silver in ferric-ferrous-silver ion systems, even though 
the potential difference is zero. In fact the two rates 
can be calculated separately by separating the right 
side of equation (VII) into its two component terms. 
It has long been assumed that the equilibrium state 
is a dynamic one and work with radioactive tracers 
has made it possible to verify this. For example 


higher and lower valence states of certain ions may 
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exchange electrons rapidly even though the initial 
and final states have no difference in potential (15). 

The fact that the rotational speed of the cylinders 
affects the corrosion rate in all the solutions used 
indicates either that concentration gradients exist 
at the silver surface or that the speed of the adsorp- 
tion processes are affected by the rotation. The as- 
sumptions made in equations (II), (III), and (IV) 
that the amount of each ion adsorbed depends on its 
bulk concentration and the rate, are possibly required 
because concentration gradients do exist at the sur- 
face. : 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1951 issue of the 
JOURNAL. 
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